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Abstract

Flexible electronic devices such as solar cells, touch panels and wearable displays have
developed industrially and commercially in recent years because they are flexible and light
weight at low cost. Since such devices constitute a brittle oxide layer applied to a polymer
substrate, the cracking and/or film damage of the brittle inorganic coating when the device is
under different mechanical and environmental loading during processing and service is one of
the most important problems in the flexible electronic industry. This can lead to degradation
and reduction in electrical functionality of the entire device; therefore, it is important to assess
the behaviour of such layers under different mechanical deformation and environmental loads

and to develop new mechanical testing for predicting reliability.

This research focusses on the investigation of the reliability of two types of flexible
components; indium gallium zinc oxide (IGZO), and Ag-alloy based indium tin oxide
(ITO/Ag-alloy /ITO), that are typically used as a channel layer, and as an anode in thin film
transistor and solar cell applications respectively. IGZO was deposited on both polyethylene
terephthalate (PET) and polyethylene naphthalate (PEN) substrates for investigation including
uniaxial tensile and buckling tests coupled with in situ confocal laser scanning microscopy.
Ex situ scanning electron microscopy (SEM) and atomic force microscopy (AFM) were
performed to investigate the cracking morphology of the 1GZO films after testing.

Characterisations of uncoated PET and PEN was also performed.

Furthermore, the electro-mechanical performance and corrosion resistance of ITO/Ag-alloy
/ITO were investigated using in situ twisting tests, twisting fatigue, corrosion by aggressive
salt environments, bending fatigue, bending fatigue-corrosion and long term bending under

different temperature and humidity conditions. The changes in electrical resistance was



monitored in situ to investigate the relationship between the electrical continuity and the load
and as a consequence of failure. In some case spectrophotometer tests were also conducted on
the ITO/Ag-alloy /ITO samples. During this work it was found that the IGZO/PEN films can
function at up to 2.9% strain which is higher than that of IGZO/PET. Different applied loads

and deformation lead to different failure modes.

In twisting test, cracks start to occur at angle of 39° £ 1.7°. The higher applied angles, higher
number of cycles and higher temperatures applied were found to cause a higher percentage
change in electrical resistance of the ITO/Ag-alloy/ITO during twisting fatigue. The corrosion
studies of ITO/Ag-alloy/ITO showed that the increase in NaCl concentration led to the rapid
degradation of conductivity and transmittance of such structure. Furthermore, it is shown that

the Ag agglomerations are promoted by presence of defects in the deposited films.

During long term bending of ITO/Ag-alloy/ITO high it was found that high humidity was the
most important factor enhancing degradation. It is therefore of major importance to consider
mechanical reliability and structural integrity of films on flexible substrates in designing
devices. It is to be hoped that the experimental study of thin-film electrodes in flexible

optoelectronics will contribute to the design of more reliable devices.
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1. Introduction

1.1. Background to flexible electronics systems

Flexible electronic technology is delivered by having small-scale structures consisting of thin
films that are assembled on a compliant substrate (e.g. polymers) to make the devices suitable
for various applications. Flexible electronics date back to the 1960s - silicon solar cells were
the first generation of flexible electronics made by a reduction in the thickness of single
crystal silicon wafer cells to around 100 um and then mounting them on a flexible substrate
[1,2]. After further development, processes such as roll-to-roll manufacturing (aiming to
replace batch processing) and the various thin-film coating methods such as magnetron
sputtering were further advanced. Optoelectronic materials on flexible substrates for large-
area applications including solar cells, touch panels, liquid crystal displays (LCDs), flexible
organic light-emitting diodes (OLED) and biomedical devices were also developed. These
devices offer a number of advantages such as light weight, the capability of conforming to the
shapes different structures, robustness and being amenable to low cost (roll-to-roll)
manufacturing processes [3]. Figure 1-1 gives examples of flexible optoelectronic devices. In
particular, flat-panel displays and solar cells are visible examples of flexible electronic

devices at present and will be discussed in greater detail in the next section.



Figure 1-1 Examples of flexible displays: (a) Flexible tablet [4](b) Flexible solar cell [5](c)
bendable smart phone [6](d) LED display screen [7](e) Display worn on sleeve [8].

Flat-panel displays (FPDs) have been commercially used as the displays of choice in various

applications replacing cathode ray tubes in flat-panel TV, and cellular phones since 2000.



FPDs are expected to overtake other electronic devices in sales over the next few years. The
current FPDs available in the market use glass as a substrate [9]. However, the market
opportunities for FPDs fabricated on flexible plastic substrates have rapidly grown so that
several research groups and electronics companies are investing in the development of new
generation displays. For instance, in 2005 Philips presented the first prototype of a rollable

electronic display and Samsung have demonstrated flexible liquid-crystal panels [10].

In addition, the small size and light weight of flexible and rollable displays will make them
very valuable for military applications [11]. For instance, a 101.6 cm display on a 0.2 mm
thick plastic substrate would only weigh approximately 500 g. It is lighter by two order of
magnitude compared with cathode ray tube displays [12]. Another flexible optoelectronics
device that is becoming possible at low cost is a regenerative energy source and inexpensive
alternative to traditional photovoltaic cells in the form of a flexible solar cell. Recent progress
in roll-to-roll manufacturing processes has made it possible to fabricate solar cells on flexible

substrates at low cost.

In addition, it has been suggested that if solar cells covered an area of 100 x 100 km in the
deserts of Arizona then they would meet the whole electricity requirements of the United
States [13]. Robust plastic sheets are much less likely to break than glass panels therefore that
can reduce the cost of applications in the desert. So far, the power conversion efficiency
which flexible solar cells have achieved is up to 10% [14]. Figure 1-2 shows market prospects
for the solar industry. The structure of flexible optoelectronic devices usually comprises a
substrate, transparent oxide inorganic anode, thin-film transistor (TFT) layer, electro-optic
materials, metal cathode, and barrier layers as shown in Figure 1-3 [15]. In terms of a
substrate material, polymers are being considered as good alternatives as substrates materials

for flexible electronic devices. They can replace traditional brittle glass substrates that are



currently utilized in FPDs such as plasma discharge panels and LCDs [15]. This is because of
their satisfactory optical transmittance, mechanical flexibility, light weight, low cost and they
can be rolled away when not required [16]. However, the physical properties of polymers
substrates have a significant influence on the flexible electronic device efficiency and
performance. In addition, organic polymer substrates cannot meet all the requirements of
commercial success for flexible electronic devices such as solvent resistance, scratch
resistance, barrier properties and low coefficient of thermal expansion (CTE) coupled with a
smooth surface. Therefore, polymers are likely to need an additional barrier layer when
applied in the fabrication of TFTs and displays such as OLEDs for protection against oxygen

and moisture [17].

Among the materials which are used inside these flexible electronics devices, transparent
semiconductive and conductive oxides, such as indium tin oxide (ITO), zinc oxide (ZnO),
gallium doped zinc oxide (GZO), indium gallium zinc oxide (IGZO) and zinc tin oxide
(ZTO), have attracted many researchers. Firstly, due to their low electrical resistivity and high
optical transmittance they are used as transparent anodes in OLEDs and LCDs as shown in
Figure 1-3 [18]. Secondly because of their high electron mobility, processing compatibility
with plastic substrate materials, good-uniformity, and transmittance in the visible spectrum
(400-700 nm) they are used as a channel layer alternative to hydrogenated amorphous silicon
(@-Si:H) in TFTs as shown in Figure 1-4 [19,20]. However, the high cost of indium
encourages the reduction of the quantities employed in fabrication. It is difficult to reduce
thickness to under 150 nm in the case of single ITO films because of the decreased electrical
connectivity with thickness decrease [21]. Therefore, a very thin metal film can be inserted

between ITO films to show higher conductivity than of a single ITO layer of the same



thickness [21]. Such a multilayer system has been shown to be effective in achieving
electrically conductive and optically transparent electrodes by optimising the thickness of the
ITO layer [22]. Usually, silver (Ag) film is used as the metal layer because Ag thin films

exhibit the highest conductivity in comparison with all other metals [23].

A large differential thermal expansion and mechanical mismatch between the brittle ceramic
layer and organic polymer substrate is a significant challenge to manufacturing processes of
reliable flexible electronic devices, as well as their use and maintenance. In particular, during
the fabrication processes the depositing of a high modulus ceramic layer on a polymer
substrate will subject it to thermo-mechanical loads, that may cause cracking and/or buckling
delamination [10,24,25]. In use, flexible electronic devices will suffer from different
mechanical loading such as stretching, bending and twisting repeatedly and also will suffer
from environmental loading for example temperature changes and corrosion. This can lead to
rapid degradation of optoelectronic device performance [26]. Therefore, failure mechanisms
and the influence of cracks on the electrical properties of brittle inorganic thin film materials
on organic polymer substrates become important parameters to design new devices that can be

used without losing their functional properties under mechanical loading.
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Figure 1-4 Schematic cross-section of TFT with channel layer and source/drain electrodes and
gate of IGZO and ITO and Y03 respectively [28].

1.2. Scope of this work

There are currently new developments in the use of thin films for optoelectronic applications
based on 1IGZO and ITO/Ag-alloy /ITO that are used respectively as a channel layer and as an
anode in TFT and solar cell applications. However, there are significantly fewer studies on the
performance of 1IGZO and ITO/Ag-alloy/ITO coated polymer substrates under mechanical
and environmental loading than of other materials. Most studies focus purely on functional
performance rather than on mechanical and electro-mechanical reliability of flexible
optoelectronics components and devices. Some reviews and studies on mechanical reliability
have been published and there have been some research studies developing this area. The
present work aims to develop the understanding of mechanical and electromechanical

reliability of flexible optoelectronics components and of test methods for these materials and



components. In addition, this research will aid materials and parameter selection to help

optimise flexible electronic devices.

1.3. Outline of the Thesis

Chapter 2 will begin with introduction to polymer substrate and in particular the production
and characterization of PET and PEN are reviewed. In the next section transparent thin films
on polymer substrates for optoelectronic device applications will be introduced. Then there is
an overview of the literature on mechanical and electromechanical properties of thin film

under different loading and environmental condition.

Chapter 3 will present the materials, experimental setup and methodologies used in this

project.

Chapter 4 will provide results of characterization of the PET and PEN.

Chapter 5 will report the results of characterization of sputtered 1IGZO on PET and PEN
substrates followed by description and discussion of the results of 1IGZO/polymer subjected to

uniaxial tensile and buckling tests.

Chapter 6 will discuss the results of twisting and cyclic twisting experiments conducted using

ITO/Ag-alloy/ITO films coated PET substrates.

Chapter 7 will present the results and discussion of corrosion and corrosion-fatigue
experiment studies of ITO/Ag-alloy/ITO films. In addition, the result of long term bending
durability of ITO/Ag-alloy/ITO under different temperature and humidity conditions will be

discussed in detail.

Chapter 8 will provide the conclusions of the thesis and recommendations for future work.



2. Materials for flexible electronic devices

2.1. Substrates for use in flexible electronic devices

The mechanical flexibility of electronic devices is significantly dependent on the choice of
substrate material. Substrate materials which have been considered include thin glass as well
as metal foils and polymers. By reducing the thickness to 100 um, thin glass films can be
made flexible. Glass is currently used as standard substrate material for FPD fabrication [10],
exhibiting good moisture and oxygen barrier properties, and offering a high transmission rate
in the visible range and a low CTE [29]. Thin glass, however, is brittle and this limits its

ability to be used in large-scale manufacturing processes [3].

Metal foils can withstand high temperature processes resulting in excellent barrier layer
properties against moisture and oxygen without problems of breakability [30]. Foil could
provide an ideal substrate for TFT fabrication used to make top-emitting active matrix OLED
devices. However, foil can only work for applications where transparency is not required and
cannot function with multiple bends. Also, metal foil substrates are expected to have higher
cost compared to polymer substrates [10]. Therefore, polymer materials offer the best option
as a substrate in flexible electronic devices, because of their satisfactory optical transmittance,
mechanical flexibility, light weight, low cost and suitability of mass production via the roll-

to-roll manufacturing process [15].



2.1.1. Polyethylene terephthalate and polyethylene naphthalate

In 1941 Whinfield and Dickson discovered polyethylene terephthalate (PET) [31]. Shortly
after the discovery of PET, polyethylene naphthalate (PEN) was developed by Cook, Huggill
and Lowe in 1948 [32]. Both PET and PEN thermoplastics are almost ideal substrates for
flexible electronic applications. They have good mechanical properties, good surface quality,
high resistance to most environments and they are suitable for roll-to-roll fabrication
processes [33]. As a result, they have been used to meet the demanding requirements of

flexible applications such as (OLEDs) [32].

In addition, PET and PEN are semicrystalline polymers from the same polyester family but
have different characteristics including chemical, physical, mechanical, and thermal
properties which result from their chemical structure [34,35]. The structure is shown in Figure
2-1.The substitution of the phenyl ring of PET by the naphthalene double ring of PEN gives
PEN some attractive features, for example: high glass transition temperature, good
mechanical properties such as high modulus and tensile strength and excellent dimensional
stability [31] even when exposed to temperatures up to 180 °C [36]. The glass transition
temperature is the temperature at which the mechanical behaviour of the amorphous part of
the polymer changes from glassy to tough and leathery behaviour. Table 2.1 shows some
important parameters for (PET and PEN) flexible substrates. Furthermore, PET and PEN
polyester films can achieve both excellent surface smoothness and increased scratch
resistance (required for many flexible electronic applications) by using planarization coatings

[35], and both PET and PEN also show a good optical transmission of above >85% in the

10



visible light range and haze of less than 0.7%. These are desirable for display applications

[34].
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Figure 2-1 the structure of (a) polyethylene terephthalete (PET) (b) polyethylene naphthalate

(PEN) [37].

Table 2.1 properties of PET and PEN substrates.

Property

PET

PEN

Young's modulus, E/ (GPa)

45,49at25°C

1.4 at 120 °C [38]

5.0 at 20 °C [36]

Melting temperature, T /(°C) 256 [38] 263 [35]
Glass transition temperature, T4/(°C) 78 [38] 120 [32]
Coefficient of thermal expansion (up to 150 | 20-25 [35] 18-20 [35]

°C), CTE (ppm/°C)

11



2.1.2. Drawing behaviour of PET and PEN films

Molecular orientation and drawing during uniaxial or biaxial industrial processing has a great
influence on the final polyester film product. As reported by De et al. [39] , at a low degree
of crystallinity the mechanical properties of semicrystalline polymers seems to be
predominately affected by orientation in the amorphous regions. They also conclude that the
amount of uniaxial or biaxial orientation not only has an effect on mechanical behaviour but it

also affects other properties such as thermal properties and transparency.

Figure 2-2 shows processing to produce PEN and PET film. In the first stage the polymer is
extruded as a sheet at a temperature above its melting point (Tm). It is then quenched to form
an amorphous film before biaxial drawing. In the second stage the film is heated to
temperature of 85 — 90°C and aligned in the machine direction (MD). Oriented and
crystalline film of up to 10-30%, can be achieved, which causes the film to exhibit higher
modulus and strength. Then the film is heated to above 100 °C and stretched in the transverse
direction (TD). After drawing in both machine and transverse directions the film becomes
crystalline by 25 - 40%. In order to reduce the shrinkage, the polymer films are usually heat
stabilized. A planarizing coating (the details of this coating are commercially sensitive and
so not available) can also be applied to control the surface quality which is required for

subsequent depositing layers [36].

12
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Figure 2-2 A typical PEN and PET film manufacturing process [40].

Kim et al. [41] studied the effect of biaxial deformation on the optical, thermal and
mechanical properties of PEN films as well as a blend of PEN with polyetherimide (PEI).
They pointed out that the refractive indices in the normal direction decreased as an areal
expansion ratio (the product of the draw ratios in the both the transverse and machine
directions) increases. This observation is attributed to the preferential orientation of flat
naphthalene groups parallel to the film surface at high expansion ratio. They also found that
the biaxially stretched PEN films exhibited a bimodal orientation behaviour with one
population oriented in the MD and the other in the TD. This orientation behaviour causes the
PEN film to exhibit lower modulus in the direction between MD and TD. However, they
conclude that bimodal orientation is eliminated and biaxially stretched film was observed to
show mechanical isotropy properties when PEN blended with 10 to 20% concentration of

PEL

13



Cakmak et al. [42] observed necking behaviour when PEN was stretched between 117 °C Tg
(glass transition temperature) and 195 °C T (cold crystallization temperature). They pointed
out that in order to achieve high quality PEN film, high stretching at temperature range 135-
150 °C should be applied. They also conclude that mechanical properties such as vyield
strength, modulus and tensile strength of PEN film can be improved by biaxial stretching

[42].

Bauer [43] reported the influence of the degree of stretching and heat setting on density,
shrinkage and oxygen permeability of biaxially stretched PET, PET modified copolymers and
blends. The density increased with both degree of stretching and also with the heat-set
temperature, regardless of composition for the samples tested. The density of all films was
independent of the degree of stretching at high heat-set temperature of 180°C. It was found
that by increasing naphthalate content in PET films and increasing heat set temperature,
shrinkage and oxygen permeability decreased. Also, shrinkage was found to increase while

oxygen permeability decreased with the increase in degree of stretching for all films.

Sharma and Misra [44] investigated the stress-induced crystallization of amorphous PET film
by varying the stretch condition such as stretching rates ranging from 100-600 % per minute
at 85 °C. A decrease of elongation at break and increase of elastic modulus and yield stress
were observed with the increase in stretching rate. They found that birefringence, and
amorphous orientation values increased as the stretching rate increased. The authors also
showed that the amount of film relaxation is reduced at high stretching rates, and hence gives
high strength and orientation to the film. However, a significant amount of relaxation takes

place at low stretching rates, resulting in low strength and orientation of the film.

14



Maruhashi and Asada [45] examined the effect of various parameters of the stretching
process on the shrinkage behaviour of PET sheet. More thermal stability was found when
PET was stretched with high speed at high temperature in comparison to that stretched with
low speed and low temperature. They point out that this is due to high crystallinity and
relaxation of molecular chains in the amorphous state. Until the draw ratio reached 2.0, the
shrinkage increased as draw ratio increased while above that the shrinkage decreased as draw

ratio increased.

Mody et al. [46] studied the thermal shrinkage of sheet PET (homopolymer and copolymer)
as a function of parameters of the stretching process. It was observed that percent shrinkage of
both homopolymer and copolymer samples stretched in both biaxial and uniaxial modes
increased with increasing stretching speed. Amorphous orientation and crystallinity
orientation function were found to increase with increase in stretching speed and extension
ratio. This observation was similar to that reported by Sharma and Misra [44]. They finally
concluded that the biaxially oriented samples exhibit higher activation energies of shrinkage
in comparison to those measured for uniaxially oriented samples, thus providing good

dimensional stability as compared with those uniaxially oriented.

2.1.3. Thermal properties

Polymers have two main transition temperatures which are the glass transition temperature
(Tg) at which the movement of polymer chains segments increases, and melting temperature
(Tm) at which the chains move out of their crystal structures. In the case of PEN the structure

containing a naphthalene double ring provides significant rigidity and hence has a significant
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effect on Tg while having an extremely slight effect on Tm only by ~10 °C as shown in Table

2.1 Therefore, PEN shows a high T4 of 120 °C when compared to that of PET (70 °C).

Dimensional and thermal stability of the polymer substrate is particularly necessary to be able
to withstand elevated temperatures during device manufacturing and processing in order to
achieve high levels of integration of the different layers in the final product [47]. It is
necessary because, for instance, problems may occur with deposition of the electrode, barrier
coatings, patterning and TFT fabrication. Tq and CTE of a polymer are important factors for
controlling dimensional stability. Because of molecular relaxation and shrinkage or expansion
during the processes, polymer films undergo a significant change in their dimensions at Tg. In
this regard PEN, with a 120 °C Tg can be a better option in comparison to PET in applications
when exposed to elevated temperatures [34]. However, PET and PEN films can be subjected
to a thermal relaxation process to enhance further their dimensional stability for OLED
display applications. Some shrinkage occurs because of the relaxation of the molecular
orientation in the amorphous regions [32]. In addition, the low CTE of the substrate, relatively
close to the inorganic layer is an advantage for fabricating devices with dimensional stability.
Polymer substrates have much higher CTEs than inorganic layers used for electrode layers or
barrier layers, therefore at high deposition temperature the large CTE mismatch induces high
stress levels in the layers and cracks them under thermal cycling during manufacturing

processes [15].

Heat stabilised PEN film has shrinkages of lower than 0.1% after 5 minutes at 180 °C but
heat stabilised polyethylene terephthalate possesses low shrinkage up to a temperature of 150

°C [34].
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2.1.4. Optical Properties

Biaxially oriented PET and PEN perform extremely well in applications where transparency
over 85% in the 400 - 800 nm range coupled with a haze of less than 0.7% are required such
as bottom-emissive displays [36]. PEN exhibits high absorption up to wavelengths of 380 nm
in comparison to PET’s absorption up to a wave-length of 313 nm that contribute to or from
the naphthalene ring which possesses a more extended chromophore. For applications
requiring high UV absorption, PEN is the ideal option [31]. Both PET and PEN are optically
birefringent, as noted by MacDonald [36]. Anisotropic optical properties of PET and PEN are
highly dependent on the orientation process, thus they are unsuitable for LCDs use because
the birefringent film would change the polarization state of the LCD (and LCD displays need
to control the polarization). However amorphous substrates, such as polycarbonate (PC) and
polyethersulfone (PES), that are more likely to be used in LCDs are not birefringent

substrates [48].

2.1.5. Crystal structure

Semi-crystalline polymers consist of an amorphous part where molecular chains are randomly
arranged in space, and a crystalline part where the molecular chains have a regular form and
orientation. On cooling from the liquid state, spherulites can be formed. Spherulites grow
from the inside of the crystal nucleus to the outside with free space in between the various
individual units. The free space is filled with amorphous polymer as shown in Figure 2-3,

where a layer format referred to as lamella is formed.

17



Crystalline polymer

Spherulite surface

Figure 2-3 Schematic illustration of the spherulitic semi-crystalline polymers [49].

The degree of crystallinity and the size and arrangement of the crystallites in a semi-
crystalline polymer has a profound impact on the mechanical and physical properties of
polymers [50]. Polymers with a high level of crystallinity exhibit a higher Tg, higher modulus,
higher tensile strength, higher toughness, and greater resistance to solvents [51]. Various
experimental techniques such as measurements of density, differential scanning calorimetry
(DSC) and X-ray diffraction (XRD) are used for determination of the degree of crystallinity
[52]. DSC is a rapid method for measuring polymer crystallinity based on heat of fusion
measurements which is the amount of energy required to accomplish the solid-to- melt phase

change. Therefore, DSC was also used in this work.
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2.1.6. Surface properties

The surface quality of both PET and PEN polyester films can be controlled to an extent by
close control of the polymer recipe, film processing and web-cleaning techniques. However,
sporadic surface peaks from internal contamination may still remain in the polymer film due
to manufacturing of films in a non-clean environment [34,36]. Therefore, to eliminate these
types of defects and to satisfy requirements of various flexible electronic devices, a
planarising coating is necessary. For providing low level of intrinsic and extrinsic
contamination the planarising coating process is carrying out in a clean room. These coatings
provide not only surface smoothness but also hardness to prevent surface scratches during
further processing and handling [34,35]. (The details of these coatings are subject to

commercial confidentiality and are not available).

2.1.7. Chemical resistance and barrier properties

During manufacturing processes for flexible electronic devices such ink-jet printing, polymer
substrates will be subjected to several solvents as well as chemical solutions, therefore high
chemical resistance is another important factor to be considered when choosing substrate
materials for OLED display applications. Amorphous polymers possess poor solvent
resistance whereas semicrystalline polymers such as PEN and PET have a high resistance to
many acids and organic solvents, thus a hard coat is necessary to provide solvent resistance

for amorphous polymers [53].

Electronic devices, such as OLEDs are highly sensitive to moisture and oxygen, in

comparison with LCDs because the thickness of the layers in an OLED is in the range of 100
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to 200 nm, and any defect that protrudes from the surface is likely to have deleterious effects
on the device performance [54]. Low work function metals including Ca, Li and Mg have
been utilized as cathodes in OLEDs which are unstable in the air and moisture atmosphere
compare to higher work function materials such as Al and Ag that would also accelerate the

degradation process [15].

Water vapour transmission rates (WVTR) and oxygen transmission rates (OTR) of 10
g/m?/day and 10~ cm3/m?/day respectively are required for OLEDs [33]. PET and PEN, have
barrier properties of the order 102-10? cm®/m?day OTR and g/m?/day WVTR. To improve
permeation-barrier performance significantly and to match OLED display requirements [55] ,
polymer based substrates will be multilayer composite structures [47,54]. As shown by
Affinito et al. when they deposited polymer and aluminium oxide layers on polyethylene
terephthalate substrate (polymer / Al,Oz / PET) oxygen and water vapour permeation rates
for (polymer / Al,O3 / PET) structures are lower by four orders of magnitude than for PET
substrates alone and lower by three orders of magnitude than for (Al.Os /PET) structures

[56].

2.1.8. Mechanical properties

Mechanical properties are another significant factor for polymer substrates. During roll-to-roll
manufacturing processes polymer substrates will undergo various stress states and mechanical
deformation modes. Flexible electronic devices such as OLEDs usually contain polymer
substrates, brittle inorganic anodes and a TFT layer. There is significant mechanical mismatch

between the organic substrate and inorganic layer which causes mechanical failure in devices.
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Therefore, understanding the mechanical properties of polymer substrates is essential to

achieving the performance required of substrates for flexible optoelectronic applications.

The higher draw ratio capacity of PEN yields highly oriented film with better mechanical
properties compared with PET film [31]. As mentioned before, the high rigidity of PEN
results from the double ring in its main structure. Macdonald et al. [47] found that the
stiffness of both PEN and PET decreased as temperature increased. However, PEN is stronger
and stiffer with a Young’s modulus almost twice than that of PET at a temperature range from

120-160 °C.

2.2. Thin film for use in flexible electronic devices

2.2.1. Indium Tin Oxide (ITO)

Indium tin oxide is one of the most common transparent conductive oxides (TCO) used as
anode material in optoelectronic applications including FPDs, solar cells and TFT [57-59].
ITO is a compound of indium (I11) oxide (In.Oz) and tin (IV) oxide (SnOy), typically 90%

In203, 10% SnO2 by weight [60].

ITO is produced by substituting Sn as the dopant in In203; it replaces the In3+ atoms in the
indium oxide cubic bixbyite structure. Tin thus forms an interstitial bond with oxygen as SnO
or SnO2. The conductivity of ITO is influenced by the valency state. A low valence and a low
Sn levels creates hole which acts as a trap and decreases conductivity due to a decrease in the
carrier concentration [61]. On the other hand, high valence state and high Sn content results in
an increase of conductivity as a result of Sn+4 acting as an n-type donor releasing electrons to

the conduction band [61]. A crystalline form of the semiconducting ceramic film exhibits free
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electrons created within the grains and electrons trapped at the grain boundaries [62], whereas
the amorphous form of ITO is less conductive. The thermal expansion coefficient of ITO is
7.2x107¢ °C~1 [63], so that thermal stresses would develop when ITO is deposited on

flexible polymer substrates at high temperature.

ITO films demonstrate a wide band-gap energy approximately between 3.5 and 4.3 eV
resulting in a high optical transparency in the visible region (1.7-3.1 eV). However, defects
such as grain boundaries, vacancies, etc. that exist in the deposited film are detrimental to the

transmittance of ITO film [18].

High optical transmittance (>90%) and low electrical resistivity ~7x10~* (Q.cm) enable
ITO to be a good candidate material for optoelectronic device applications [59]. However,
two drawbacks of ITO limit its application in flexible electronics. The first limitation is the
rarity of indium that results in increasing the price of ITO [64] and contributes to the
reduction of the quantities employed for films fabrication. The second limitation is the brittle
nature of ITO that make it susceptible to cracking and delamination when it is under
mechanical deformation during manufacturing and in service conduction [25]. Therefore,

finding films with low cost and more sustainable alternatives are important research aims.

2.2.2. Indium gallium zinc oxide (1GZO)

IGZO is a compound of indium, gallium, zinc and oxygen. When combined in the proper
ratios these elements form a semiconductor thin film than can be used as an extremely
promising alternative to a-Si:H for TFTs [65]. This is because IGZO exhibits high saturation

mobility psat in the range of (10-50 cm?/V.s), processing compatibility with plastic substrates,
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good-uniformity and high transparency in the visible wavelength region (400-700 nm)
[19,65,66]. High transmittance of 1IGZO facilitates another promising application for IGZO as
an alternative transparent anode to ITO which is an important part in photovoltaic devices
[66]. However, further improvements of its physical properties are still required for practical

applications.

2.2.3. ITO/metal/ITO multilayer structures

Currently, TCO based on a single layer structure of ITO or ZnO are commonly used, however
TCO electrodes with higher conductivity and transmittance are required for new and

advanced devices.

TCO/metal/TCO multilayer structures could potentially offer high conductivity at reasonable
transmittance and with a decrease in film thickness. This means that multilayer performance
would be superior in comparison to single-layer electrodes [67]. Both uniform and continuous
metal thin film are key factors in achieving both low sheet resistance and high transmission in
TCO/metal/TCO structures. The typical thickness of metal layer is in the range of 5-20 nm.
Thicker layer thickness would address the continuity issue but would cause a significant

reduction in transparency [67].

To achieve the desired properties, it means that less of the TCO is required in a multilayer
structure. This is particularly important for ITO since there is increasing interest in the
reduction of the indium quantities employed for ITO film fabrication due to the high cost of
indium. It is difficult to reduce the thickness under 150 nm in the case of a single ITO film

owing to the decrease in the electrical connectivity with the thickness decrease. Therefore, a
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very thin metal film can be inserted between the ITO film to show higher conductivity than
that of a single ITO layer of the same thickness [21] and can take the advantage of the
mechanical properties of a ductile metallic interlayer [68]. Such a multilayer system has been
shown to be effective in achieving electrically conductive and optically transparent electrodes
by optimising the thickness of the ITO layer [22]. As mentioned earlies, Ag is the most
commonly used middle layer for TCO/Ag/TCO multilayers since Ag thin film has the lowest
resistivity of approximately 2x107° Q. cm in comparison with all other metals [23]. Copper
(Cu) is close behind as it only exhibits slightly higher resistivity [69]. Also, Ag-based alloys
including Cu, Au and Pd have been used for interlayers. Such metallic elements may improve

stability to heat and moisture of the ITO/Ag-based alloy/ITO electrodes [67].

It has also been reported by Park et al. [70] that an ITO/Ag/ITO multilayer electrode
deposited on polyethersulphone (PES) substrate by roll-to-roll sputtering system at room
temperature showed lower resistivity and superior flexibility when compared with a single
ITO electrode. Lewis et al. [71] also found good performance in conductivity, transmission,

and bending for Ag films with thickness in the range 8-12 nm .

2.3. Deposition methods for flexible transparent electrodes

It is possible to produce TCOs using various techniques, for example pulsed laser deposition,
sputtering, evaporation, spray pyrolysis, chemical vapour deposition, and sol-gel processing
[72]. Among these, the magnetron sputtering technique which can be operated with radio
frequency (RF) or a direct current is the most attractive applied process used to deposit TCOs for
optoelectronic application because it has the following advantages: high-quality film adhesion,

low deposition temperature allowing the use of polymer and glass substrates, high deposition rate,
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excellent control over coating thickness, uniformity and film density, capability of co-deposition
of metallic elements to form alloy layers and is a very low cost method to utilise [73]. During
magnetron sputtering, once the required base pressure is attained in a vacuum system, argon
atoms are continuously introduced to the chamber, which are ionised by the applied voltage
and become positively charged in front of the target. The negative charged target is
bombarded by argon ions at high speed and this ion bombardment ejects the target material
which is then condensed on to the desired substrate as a thin film [74]. The bombardment also
causes emitted secondary electrons from the target surface and these secondary electrons are
important in sustaining the glow discharge [74]. The sputtering process is limited by high
substrate heating, low deposition rates and low ionization efficiency; however, by applying a
magnetic field during glow discharge sputter deposition, these limitations can be overcome.
The applied magnetic field causes the electrons to spend longer circulating near the target
hence the probability of ionising electron-atom collisions increases and consequently
increases the plasma density which in turn increases the ion bombardment of the target and
further results in higher deposition rates. The increased ionisation efficiency also allows the
discharge to be sustained at lower operating pressures (10 mbar) [74]. A schematic of the

magnetron sputtering system is shown in Figure 2-4.
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MAGNETRON SPUTTER SOURCE

PART BEING COATED

Figure 2-4 Schematic diagram of a d.c. magnetron sputtering process [75].

Antony et al. [76] studied the effect of target to-substrate spacing and annealing temperature

on the electrical, optical and structural properties of ITO films grown on a glass substrate by

RF magnetron sputtering. They found lower resistivity, better transparency and higher

crystallinity for the films deposited at target-to-substrate distance 4 cm compared to those at 6

and & cm.

Han et al. [77] deposited ITO films with excellent electrical and optical properties on PEN

substrates at room temperature using RF sputtering. It was found that higher oxygen atoms

content in the ITO lead to increased resistivity, possibly because of fewer oxygen vacancies

and a lower carrier concentration. Also it was noted that the surface roughness of ITO grown

on 200 um film was 3.2 nm and this was lower than the value on 125 pm PEN. This
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discrepancy is due to the roughness of the polymer substrate itself. The resistivity of ITO film
grown on 200 um thick was also lower compared to that deposited on 125 um thickness due
to electron scattering. This indictates that the electrical properties of the ITO films are also

influenced by surface roughness.

Yabuta et al. [78] fabricated TFTs using a-IGZO films deposited on a glass substrate at room
temperature by RF magnetron sputtering. They showed that with increasing total deposition
pressure oxygen/(argon + oxygen) for RF magnetron sputtering from 3.1% to 3.7% the

conductivity of the a-IGZO films significantly decreased from 10 3to 10°%S cm™.

Shi at al. [79] investigated the influence of oxygen partial pressure on the structural, surface
morphology, electrical and optical properties of IGZO thin film deposited on glass substrates
using the RF-magnetron sputtering method. Under 1.5 sccm (sccm denotes standard cubic
centimetre per minute at STP conditions) of oxygen partial pressure, the lowest electrical
resistivity of 8.5 * 107> Q .cm was obtained. They also observed an increase in optical
transmission by increasing the oxygen flow. They indicated that RF-magnetron sputtering is a

possible method of obtaining high quality 1IGZO thin films.

For this work sputtering conditions were chosen to optimise the TFT behaviour as explained

in Section 5.2.

Guillen and Herrero [80] investigated the optical and electrical characteristics of single ITO
layers and ITO/Ag/ITO multilayer structures deposited on glass substrates by sputtering at
room temperature. They showed that thickness of the Ag film strongly influences the
transmittance and sheet resistance values; and the maximum transmittance can be achieved by
careful control of the ITO films thickness. They achieved sheet resistance below 6 Q/sq for

Ag layer thicknesses above 10 nm and ITO film thicknesses ranging from 30 to 50 nm.
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2.4. Roll-to-roll manufacturing

The development of flexible electronic devices such as solar cells and flexible displays often
requires the development of new processing equipment and techniques that provide
significant productivity enhancements, such as roll-to-roll processing. A schematic of the roll-
to-roll process for fabrication of a TFT is shown in Figure 2-5. There are three main steps in
the roll-to-roll manufacturing: (i) deposition (ii) patterning and (iii) packaging [81]. In the
deposition step, a TCO is grown on a top of the flexible substrate to act as the gate electrode

for the TFT (see Figure 2-6).

In subsequent patterning steps, before printing the organic semiconductor layer, a dielectric
layer of SiO> and the source and drain metal electrodes are produced. Finally, in order to
prevent oxygen and moisture contamination of the organic layer, the devices must be

packaged in a barrier layer [81].

/ Step 1 Step 2 Step 3 \

Raw Materials Finished Product

\ Deposition Patterning Packaging )

Figure 2-5 Schematic diagram of roll-to-roll manufacturing of flexible displays [82].
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Organic Semiconductor Layer

Insulator

Figure 2-6 Schematic illustration of TFT device structure [81].

The process of roll-to-roll manufacture offers the following advantages [82]:

It provides continuous production of thin, lightweight and durable appliances.

e It can help reduce equipment costs, reduce display part costs, whilst increasing

throughput and eliminate component supply issues.

e [t provides a high yield output due to a reduction in human contact in processing.

e [t allows devices to be fabricated automatically in large quantities.

However, there are some disadvantages in employing these system as there is limited

availability of equipment and therefore it requires custom-built tools which in turn cause a
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high initial set up cost [82]. However, these costs can often be recovered through the
economic advantages during production. Furthermore, because of the extreme temperatures
used, the thermal process cycling involved can be problematic for some substrates [82]. Also,
impurities or particles which results from chemical steps in a roll-to-roll fabrication process
may form nuclei for crack initiation and surface damage [83]. This in turn leads to

degradation in the performance of the device [84].

Chio et al. [85] used a specially designed roll-to-roll sputtering system as shown in Figure 2-7
to ITO on PET substrates for organic solar cells. They demonstrated the ability of the roll-to-
roll sputtering technique to be a used as an alternative to conventional DC and RF sputtering
for deposition of ITO on PET substrate. It was found that the argon/oxygen flow ratio during
this roll-to-roll sputtering strongly influences both the electrical and optical properties of the
flexible ITO electrode and even at low deposition temperatures films can be obtained with a
sheet resistance of 47.4 Q/square and with an average optical transmittance of 83.46 % in the

green region at 500-550 nm wave length.

In addition, Park et al. [70] successfully deposited ITO/Ag/ITO electrode on a
polyethersulfone (PES) substrate at room temperature using a specially designed roll-to-roll
sputtering system. They pointed out that high transmittance 89.28% and low sheet resistance

of 4.28 Q/square was for an optimum Ag thickness of 12 nm.
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Figure 2-7 a specially designed roll-to-roll sputtering system [85].

2.5. Electromechanical characterization of thin composite system

2.5.1. Failure of brittle layers on a compliant substrate

The performance of the thin film on a flexible substrate under different mechanical and
environmental conditions is a challenge to the functionality and reliability of flexible and
electronic devices. For example, during both manufacturing and in-service conditions, a
flexible thin component is subjected to different deformation loads that cause loss of device
functionality. In addition, higher concentrations of chlorine in the surrounding atmosphere
where the flexible solar cells are sometimes used, such as marine environments can cause

corrosion and degradation of transparent electrodes. Also, hydrogen chloride (HCI )solutions
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that are used in photolithographic patterning processes for thin films in the fabrication of
electronic displays [86] may contribute to corrosion processes and losses in device
functionality. Furthermore, during both the manufacturing process and in-service under
changes in temperature, the difference in the CTEs of the thin layer and the polymer substrate
results in a thermal stress that may lead to tensile failure of the coating. The misfit stress o,
which is generated during the deposition process when the temperature of the polymer
substrate increases as a result of the highly energetic particle bombardment [87], is given by

the following equation [88]:

E¢ 2-1
1—v, (ag — ap) AT

where E¢ is the Young’s modulus of the film, v¢ is the Poisson’s ratio of the film, ag and o
are the thermal expansion coefficients of the substrate and film respectively and AT is the
change in temperature. Next, after deposition, the coated polymer substrate cools down and
shrinks. Thus, compressive stress can be induced into the thin film which in turn leads to
bending in the coated substrate [87] with a radius of curvature r defined by Stoney’s equation
[89].

E: t2 2-2
6 tr o,

..,
I

where E; is the biaxial modulus of the substrate, t; and t¢ are thickness of the substrate and

film respectively and vy is the Poisson’s ratio of the substrate. It is important to underline the
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long time period which is required for deposition of a thick film which contributes to an

increase in thermal stress [90].

2.5.2. Failure mechanisms of brittle thin film cracking and delamination as a

result of induced stress

The stresses in the multilayer inorganic coating/organic substrate resulting from thermal or
mechanical loading may cause fracture of the inorganic layer (cohesive failure) or may
delaminate the inorganic layer from the organic substrate (adhesive failure) [91]. Upon
tension loading a crack is more common, while delamination, buckling and cracking in a
tunnelling motion are more common for films under compression load [92]. The cracking
mechanism of brittle thin film on polymer substrate has been described in [92,93]. As a
background, the theory is that a crack starts from a pre-existing defect (flaw), either in the
deposited film or at the edge, and runs across the film and may arrest at the film-substrate
interface [8], as shown in Figure 2-8. These cracks then extend laterally in the film until they
emerge at the edge of the film or another crack. This type of cohesive fracture mode for thin
films under tension is commonly known as channel cracking [8]. This because the film is
likely to have a number of flaws and when subjected to large deformation, many channel
cracks are produced [93]. When the channel crack length exceeds a few times the thickness of
the film, the crack approaches a steady state in which the crack advances without affecting the
initial opening width or the crack-face profile [94]. This is for a thin brittle coating on a
polymer substrate under uniform stress. The level of stress and strain at the front of a

propagating crack is not influenced by crack length so that the crack front shape and the rate
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of release of energy is constant. The energy release is related to the elastic strain energy G

and is given by the following equation [95]:

2-3

Ggs = ETf h¢ Ezg(a; B)

N =

where h¢ is the thickness of the thin film, E;= 1Ef}2 is the plane strain modulus of the
—Vf

coating, Ef and v¢ are the Young’s modulus and Poisson’s ratio of the thin film and g(a; B) is
a function of Dundurs elastic mismatch parameters o and $ and its magnitude depends on the
crack type and the elastic mismatch between the coating and substrate. The two Dundurs

elastic mismatch parameters o and 3 [96,97]:

_ Ef— Es _ [ (1 - ZVS) — Hs (1 - 2Vf) 2-4
Ef + E; ’ 2 (1_Vs)+2us (1_Vf)

E . )
whereE , v, and p = T are the Young’s modulus, Poisson’s ratio and shear modulus

respectively; subscript s and f refer to the substrate and film, respectively. For substrate
having the same properties as their coating, a = 3 = 0. For a stiff coating on a compliant
substrate the value of a — 1, while for a soft coating on a rigid substrate the value of a - —1
[98]. As reported by Waller et al. [97] the dependence of g function on parameter o is
relatively significant, hence it is more representative of elastic mismatch between the film and

the substrate rather than parameter . Furthermore, for most thin film/polymer systems the

value of 8 lies between 3 =0and B = % , and, therefore 3 = 0 is also used in this work.
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Cracking occurs when this release of energy becomes equal to, or larger than the energy
required for film cracking (crack resistance energy G. ). By equating Ggs from equation 2-3 to
crack resistance energy G. , the critical strain €. , becomes inversely proportional to the

square root of the coating thickness [95] .

2G, o1 2-5
€= |—/—/—m/m/m/m8mm™ = J—
¢ JErhg(B) Jhe

where C is a combined constant of proportionality.

Thin film/ substrate systems under compression may show delamination by buckling. The
stored elastic energy of the system is released when the thin film buckles. This energy is used
to form the new free surface by peeling the film from the substrate surface and also might be

used to create cracks from a buckled film [91].

Figure 2-9 shows the buckling pattern morphology which consists of a closed or open tip
buckles [40]. Chen et al. [92] investigated fracture of the film under both tension and
compression. They observed by using SEM and AFM that the coating failure under
compression was buckling delamination then film cracking. The rate of release of energy

under compression G.,,,, depends on the delamination area and is given by [92]:

h¢ 2-6
Geom = Gg + (%) G

where G4 and 2b is the delamination energy and delamination width respectively.
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substrate

Figure 2-8 Schematic cross section of initial flow and growth of crack in thin film under tensile
stress [8].

(a) (b)

Figure 2-9 Schematic cross section of (a) closed (b) open buckling patterns [91].
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2.5.3. Uniaxial tensile testing of thin films on compliant substrate

Uniaxial tensile tests, coupled with in situ optical microscopy are commonly used to
determine the failure strains of thin coatings adhering to a compliant substrate, in which the
crack density (CD) evolution is monitored in situ as a function of applied strain [99]. The
crack onset strain (COS) is defined as the specific value of strain at which the first crack
initiates in the film [100]. For a conductive coating COS is defined as the strain at which the
change in electrical resistance reaches 10% [91] as shown graphically in Figure 2-10. The
COS is not only dependent on thickness of the coating but also when a coating defect
resulting from deposition or service leads to a concentration of stresses in the film, the COS is

dependent on the size and the type of defect [91].
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Figure 2-10 Graphical representation of crack onset strain.
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Several studies have been performed to characterize the behavior of different thin films under
tensile stress. Leterrier et al. [101] studied the influence of substrate properties on silicon
oxides coated PET substrates using uniaxial tensile tests coupled with in situ optical
microscopy. It was shown that recovery of the polymer substrate occurred, thus leading to
closure of the microcracks when samples were strained to less than 4% of the strain when
unloaded. At 1.2% strain the COS of coating was identified. With further increase of strain
many fine cracks were observed and propagated perpendicularly to the straining direction and
extended across the sample. At around 6% strain, secondary cracks were formed and
developed parallel to the loading direction due to lateral contraction of sample. At 10% strain,
tertiary cracks were observed and the direction of these cracks was parallel to the direction of
primary cracks. Their growth across the sample width stopped when these tertiary cracks met

the secondary cracks or buckling zones.

Leterrier et al. [102] performed uniaxial fragmentation tests on PET films coated with
silicon oxides, in order to investigate the influence of coating thickness ranging from 30 to
156 nm on adhesive and cohesive strengths. They observed that the adhesive strength
modelled, using crack density at saturation according to the Kelly-Tyson approach [103], was
found to be independent of thickness of the coating in the range from 30 to 156 nm and equal
to the substrate shear stress. It was finally concluded that the cohesive strength is proportional

to the crack onset strain of the coating, which also depends on the layer thickness.

The increase in electrical resistance of ITO films deposited on PET as a function of applied
uniaxial tensile strain was first reported by Cairns et al. [104]. It was observed that the crack
onset strain of between 2 and 2.5% correlates strongly with a significant increase of electrical
resistance. It was pointed out that the resistance remains finite even after cracks propagate

across the entire sample width due to the presence of a conducting interfacial layer bridging
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the crack width and connecting neighbouring ITO film fragments. They also proposed a
physical model that describes the observations of increasing resistance as a function of strain
and the effect of cracks. This model states that at some threshold strain the first crack is
initiated and spans the whole sample width. For each crack there is gap (crack width) between
two sides of ITO fragments, but some conducting material bridges it (see Figure 2-11). The
volume of this material is assumed to be constant in each crack and to undergo plastic
deformation. They also assumed the bridging length to be zero in each crack at the instant the
crack forms and then the crack width increase is assumed to be proportional to the increase in

strain.

Conducting
Uncracked material in Uncracked

ITO crack ITO

PET
substrate

Figure 2-11 A schematic diagram showing bridging material inside a crack [104].
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Leterrier [87] also studied the electromechanical behavior of ITO deposited on to a high
temperature aromatic polyester. Under uniaxial tensile loading condition, the sample was
electrically and optically monitored in situ. They observed that the cracks in the ITO begin to
initiate from microscopic defects such as pinholes in the coating and surface defects on the
underlying polymer substrates. Cracks then grow in a stable manner up to their length which
was about 100-500 times the film thickness. They pointed out that the crack propagation was
responsible for significant increase in electrical resistance and related loss of device
functional performance. In addition, the mechanical resistance against crack initiation was
reduced due to the formation of large surface grains during deposition which increased local
stress concentration. They also concluded that the most important factor influencing the
cohesive ITO properties is the improvement of the substrate surface quality such as that

obtained with a hard coat (acrylate-silica hybrid materials).

Changji et al. [105] reported fragmentation tests carried out on ZnO, deposited by the
cathodic vacuum arc technique, on a polyimide foil substrate in order to study the influence of
deposition pressure on the adhesion of ZnO thin films. They observed that cracking of a ZnO
film deposited at 0.9 Pa began at 0.53% strain. They also found that the number of cracks
increased and the cracks become wider immediately after the first crack appeared. Secondary
cracks appeared at 5.5% applied strain and were parallel to the stretching direction. They

concluded that samples deposited at a pressure of 0.9 Pa exhibited good adhesive properties.

Kim et al. [106] studied the effect of substrate on cracking and buckling resistance of
uniaxially-strained 1TO films deposited by DC magnetron sputtering. They used PET, and
PET which was treated by O plasma surface treatment. They observed, using in situ strain in
an SEM, that both on bare and treated PET, 50 nm thick ITO had very low crack onset strain

of between 1.0 and 2.0%, but was not affected by the surface treatment. On the other hand,
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the buckling onset strain for different thicknesses of ITO coated on plasma-treated PET
substrates was significantly improved due to improved adhesion between the ITO film and
polymer substrate. Therefore, the use of O, plasma treatment was found to highly improve the
adhesion strength between ITO and PET and hence improved the mechanical resistance

against buckling of the film.

The influence of cohesive and adhesive properties of the ITO film by inserting ductile metal
interlayers, such as Ag has been reported by Yang and Park [107]. They found that over a
certain thickness of Ag interlayers, the crack and delamination resistances were improved
against the uniaxial tensile strains. They observed that the improved crystallinity of ITO by
the Ag interlayers was contributed to the enhancement of the cohesive strength of ITO on

PET substrate.

However, relatively little research to date has been reported about the mechanical behaviour
in tension of 1GZO coated on polymers. Kim et al. [108], investigated the mechanical
characteristics of a stretchable a-IGZO TFT. They optimized the device structure by using
numerical simulation in order to improve the mechanical stability and evaluated the stress and
strain distribution near the silicon dioxide (SiO2) bridge. They observed from experimental
results that the new model was not fractured or cracked when stretched by a total of 5% of its
length along the x-axis while the fracture occurred in the reference model at the vertical edge
of the SiO> bridge when stretched under the same conditions (see Figure 2-12). They also
found the maximum stress and strain values at the corner of the SiO2 bridge in both models.
These finding were acquired from a simulation. The mechanical stability of the device’s new

design was validated by both experimental and simulation results.
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Figure 2-12 (a) Schematic showing the structure of the referenced and newly designed models
for simulation, (b) and (c) Optical microscope images showing the surface of referenced and
designed model of TFT device after expermintlly tested [108].
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2.5.4. Bending and buckling tests on thin films

Beside the uniaxial tensile test, other experiments that characterize fracture of thin film are
bending and controlled buckling experiments. When a thin flexible electronic device
component is subject to bending during fabrication or in service, further mechanical
complications arise. As a thin film on compliant substrate is bent to a specific radius of
curvature R, with the film deposit on the top surface, it will be in tensile strain while the inner
surface (substrate) will be in compressive strain, as shown in Figure 2-13. When the thin film
thickness t; is very small compared with the substrate thickness ¢, , a plane of zero strain
which is well known as the neutral axis is located at the mid-plane of the substrate [95]. In
such case, the induced strain e in the film can be calculated using the following equation

[92,109].

c— ts + 2-7
2R

Therefore, the minimisation of the strain of film is possible by placing the most critical
component close the neutral axis (i.e. reducing the device thickness) and thus the flexibility of

the device will be higher [92].

Similar to the tensile test, in this test the influence of the tensile and compressive strain on the
thin film can be monitored in situ by the use of optical microscopy and by measuring the
electrical resistance if the specimen is conductive. Chen et al. [92] studied the fracture
behaviour of the ITO film on PET under both tension and compression buckling deformation.
Lower strain values were obtained for films under tension compared with film under
compression. They also showed that the failure mode in tension was due to film cracking

while in compression it was due to buckling delamination and cracking.
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(a) Tension strain (b) Compression strain
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Figure 2-13 Schematic diagram of a bending state (a) in tension (b) in compression.

Gleskova et al. [110] fabricated a-Si:H TFTs on a 25 pm thick polyimide foil. They
investigated electrical properties of the TFTs including the on current, off-current, leakage
current, mobility, source-gate and the threshold voltage of the transistor in the bent state under
mechanical stress at various radii of curvature. They found that when transistors are under
compression, they can function down to R=0.5 mm, which corresponds to a strain of 1.25%
and when transistors are under tension, they can function down to R=1 mm, which
corresponds to a strain of 0.51% without any change in their electrical performance. Finally,
they conclude that the TFT’s failure under high tensile strains is by cracks in the TFT channel

layers which are perpendicular to the loading direction, as shown in Figure 2-14.
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Figure 2-14 SEM image showing mechanical failure of a TFT. TFT bent in tension down to
R=2 mm [110].

Ramji et al. [111] reported that the crack density for patterned ITO when wrapped around a
mandrel to 3% strain was more than seven times higher than of the un-patterned ITO. They
observed that the cracks of pattern ITO-PET initiated at the micro-cracks caused by the

patterning process, as Figure 2-15 shows.
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Figure 2-15 SEM micrographs image of (a) patterned ITO coated PET substrate showing
microcracks at sharp edges. (b) ITO coated PETsubstrates under applied bending strain 3%
[111].
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Bejitual et al. [112] used the controlled buckling experiment to investigate the failure
behaviour of various patterned ITO shapes and sizes coated on a PET substrate. The smaller
size patterns were found to exhibit highest crack onset strain. In addition, lowest crack onset
strain was observed for square-shaped pattern. Also, it was found that failure under tensile

and compression buckling mode is driven by micro-cracks initiating from the pattern edge.

Ni et al. [113] investigated the fracture properties of AZO-coated on PET substrates under
simply-supported bending conditions. It was reported that the coating damage, under tensile
strain, is caused by the creation of channel cracks, while under compression the film specimen
may first delaminate from the polymer substrate and then buckle before the initiation of a
crack. They explained that in tension, on the outer surface, the stored elastic energy went
solely into crack formation; however, in compression the elastic energy was distributed
between crack formation and delamination, so the crack density is usually lower for bend-

testing on the compression side.

Sierros et al. [96] investigated mechanical behaviour of ZnO films with different thicknesses
coated on PET and PEN by sputtering. They used compression and scratch tests. During
compression, the crack onset strain of ZnO films, using in situ optical microscopy was found
to be approximately 2% and to depend on the film thickness. During scratch testing, and by
observing the crack’s morphology, it was shown that the secondary cracks appear in the form
of buckles due to impregnation of film debris into the polymer substrates at high scratch

loads.

Cherenack et al. [114] fabricated TFTs using 1IGZO and ZnO coated polyimide substrates for
comparison purpose. They investigated the electrical performance of TFTs at different

bending radii starting from a flat substrate down to 10 mm in a custom-built bending tester.
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No significant degradation of the properties was observed for IGZO TFTs as compared to the
unloaded case and ZnO TFTs. For example, both linear mobility and saturation mobility of
bent ZnO TFTs were almost two order of magnitude lower than that of un-deformed
ZnOTFTs. They concluded that the 1GZO is the best material choice for development of

robust flexible TFTs.

Also, Munzenrieder et al. [115] investigated the performance of a-IGZO TFTs on 50-pum-
thick (Kapton E polyimide) substrate. It was found that the saturation mobility and other
parameters like threshold voltage were considerably influenced by mechanical stress induced

by bending (tensile and compressive).

Khan et al. [116] investigated the performance of a-IGZO TFTs fabricated on stainless steel
foils when flexed to different bending radius of tensile and compressive deformation. It was
reported that under tensile strain a-1GZO TFTs remained functional until applied strain equal
to 0.8%. It was found out that the a-IGZO TFT displayed higher flexibility under compressive
strain than that under tensile strain. In order to improve mechanical robustness, some
materials have been suggested as promising alternatives to ITO electrodes such as oxide—
metal-oxide (OMO) multilayer including, ITO/Ag/ITO, 1ZO/Ag/1ZO, ZTO/Ag/ZTO and
AZO/AQ/AZO. However, few studies have been reported about mechanical properties of
these electrode grown on polymer substrate. Lim et al. [117] conducted lab-made outer/inner
bending tests in order to investigate the mechanical integrity of ZnO-doped tin oxide
(ZTO/AQ/ZTO) multilayer electrodes deposited on PET by roll-to-roll sputtering. The fracture
behaviour of the films was monitored using in situ optical microscope observations and
electrical resistance measurements. They found that the critical radius of curvature was 3 and
4.5 mm of the ZTO/AQ/ZTO film in the outer and inner bending tests. The crack density

increased with decreasing bending radius. They concluded that the difference between the
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points of crack initiation and changes of the electrical resistance during inner bending were

due to the overlapping films during crack generation which provided a conducting path.

2.5.5. Twisting test of thin film on compliant substrates

Besides tensile and bending deformation, the twisting deformation is expected as another
frequent deformation to which flexible displays or other flexible electronics devices may be
subject to during their operation. To date, however, such deformation has not been considered
in detail where brittle thin films are concerned and so investigation of this films by means of

twisting deformation is a particularly interesting area of research.

Choa et al. [118] studied the mechanical integrity of the roll-to-roll -deposited (ZnO-doped
In203) and 1ZO/Ag/1ZO multilayers on PET substrate under twisting loading. A lab-made
twisting test machine was mounted under an optical microscope. They found that the crack
started to initiate at the twisting angle of 26° and no change in electrical resistance of the
1ZO/Ag/1ZO multilayer electrodes was observed up to angle of 28° compared to that single
1ZO layer (~ 20°). The crack density and electrical resistance was found to increase with
increasing twisting angle. Optical microscope images showed broken 1ZO/Ag/1Z0O film and
crack overlapping each other which contributes to the formation of a conduction path and
delayed changes in the electrical resistance. They conclude that the ductile Ag interlayer

improves the flexibility of 1Z0/Ag/1Z0 multilayer.

Additionally, Jung et al. [119] investigated the effect of inserting a poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT: PSS) buffer layer on the electro-

mechanical stability of 20 nm thick ITO film coated PET substrate. When a PEDOT:PSS
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layer was inserted between ITO and PET, the sheet resistance was decreased from 270
Q/square to 57 Q/square. They found that the ITO/PEDOT:PSS/PET films can be deformed
to a twisting angle of 50° and the resistance remains constant. They conclude that the
ITO/PEDOT:PSS electrode is a promising alternatives to the ITO electrode for the next-

generation of flexible electronic devices.

Finally, Lim et al. [120] fabricated a transparent Ag nanowire (NW) network electrode on
colorless polyimide substrates with better values of a sheet resistance and an optical
transmittance compared to the values obtained from a conventional flexible amorphous ITO
film. They investigated the mechanical integrity and flexibility of the AQNW electrode under
twisting deformation. They observed that the change in the electrical resistance of the AQNW
electrode was very small, even though the sample was twisted to an angle of 40°. In contrast,
for ITO film there was a slightly greater increase in resistance after twisting to an angle of

40°.

2.5.6. Cyclic-fatigue tests of thin films on compliant substrates.

Since flexible electronics need to remain functional after a load is repeatedly applied to the
structure, repeated mechanical loading of brittle layers under bending and twisting conditions
is also vital. As reported in [121] repeated loading forces for a large number of cycles can
cause structures to fail at stresses less than those needed for failure under static loads. Lechat
et al. [122] showed that the cyclic loading stress was the cause of PET failure as it led to

crack propagation at low stress.

Gorkhali et al. [123] reported results for the electro-mechanical properties of repeated loading
of ITO coated PET substrates using mandrel-bending over varying diameters ranging between

8 to 24 mm and the resistance changes were continuously monitored. They observed that a
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rapid increase in electrical resistance was due to the dimensional change of the polymer
substrate until an equilibrium size was attained, then a gradual increase in resistance was
found due to cracking of the ITO. After, 50,000 cycles catastrophic conductive failure

occurred due to severe cracking.

Lewis et al. [71] added a thin silver layer between two of 35-nm ITO layers and found that the
electrical resistance increased by only 1.2- 2.7 times the original value where subjected to
10,000 repeated bending cycles at 3 mm radius of curvature. They suggested that this
response was due to the Ag ductile layer that remains conducting even after the failure strain

of the ITO (~0.8%).

Alzoubi et al. [124] studied the influence of bending diameter, bending frequency, and sample
width on the bending fatigue behaviour of ITO coated PET. Crack development and the
electrical resistance were monitored during the experiments at a specific number of cycles. A
high crack density was observed at the middle area across the sample width and then
propagated toward the edges. A high change in electrical resistance was observed at smaller
bending diameters and higher bending cycles. The results indicated that the size of bending
diameter and number of bending cycles greatly affect the electrical resistance of 1TO thin

film.

Hsu et al. [125] investigated the stability of an (20 nm) ITO film coated on PET substrate
under tensile and compressive fatigue bending. They observed that both tensile and
compressive stress can cause ITO failure and an increase in electrical resistance and
transparency. In addition, tensile stress increased electrical resistance more easily compared

with compressive stress. Moreover, the sheet resistance and optical transmittance were found
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to increase with increasing PET thickness regardless of if it was under tensile or compressive

stress.

Chen et al. [126] assessed the reliability of the STN (super-twisted nematic) display under
twisting fatigue condition. The sample was placed between the bottom jig which was fixed
with ground and top one which is mobile with a rotational driver. The top jig was twisted in a
clockwise and anti-clockwise direction. Functional failure was found after it twisted to 30°.
For this reason, the twisting limitation angle was set to 20° during experiment. They found

that five samples from nine survived up to 20,000 cycles of the twisting fatigue test.

Cho et al. [127] conducted cyclic loading experiments in the twisting mode. Poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) films printed on PET
substrate were repeatedly twisted and untwisted from both sides of the samples at an angle of
30° and the change in electrical resistance monitored in situ. It was observed that the change
in electrical resistance was constant after 2,000 cycles, this indicating that such structures can

provide high levels of twistability and flexibility.

In addition to external repeated mechanical stress, the thin film anode may also be subject to
high temperature such as 100 °C during the manufacturing process and perhaps up to 40 °C
during the use of devices. The temperature is likely to change the mechanical, physical and
electrical properties of the thin film over time for a wide range of materials and to increase the
oxidation of the metal film when used as intermediate layer between TCO layer. Because of
the mismatches in the CTEs of the substrate and the thin film, both of them do not respond to
temperature in term of elongation by the same percentage and the thin film is either stretched
out or compressed and this results cracking or/and delamination of the coating layer. Despite

the importance of high temperature issues combined with repeated mechanical stress for
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reliable long-term operation, to the best of my knowledge no systematic investigation of the
electro-mechanical behaviour of TCO film coated PET under the combination of twisting
fatigue stress and harsh environmental condition has been published. However, Alzoubi et al.
[128] studied the influence of temperature on the bending fatigue behaviour of copper thin
film deposited on a PET substrate. They showed that high temperature caused a more rapid

degradation of the conductive surface.

2.5.7. Corrosion and mechanical stress of thin film on compliant substrates

Because of the wide application of flexible electronic devices, it is expected that such devices
may require to effectively function with exposure to a harsh outdoor environment such as in
solar cell panels. The long-term stability of solar energy is still limited by the instability of
Ag/Ag-alloy based TCO electrodes such as ITO/Ag/ITO and ZnO/Ag/ZnO which are very
sensitive to the surrounding atmosphere such as, chlorine, acids, ozone [129] as well as high
temperature and moisture environments [130]. Silver atoms aggregate around chlorine atoms
which exist in the ambient atmosphere such as marine environments, as Figure 2-16 shows.
This causes corrosive white spot to appear on the multilayer sputter coatings after exposure to

ambient atmosphere for long period of time.
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Figure 2-16 Cross-sectional schematic illustration of multilayer film showing process of silver
migration [131].

However, few studies have been reported on Ag/Ag-alloy based TCO corrosion. Nadel et al.
[132] found film cracking, peeling of the ZnO top layer, and agglomeration using SEM after a
24-hour of exposure of ZnO/Ag/ ZnO to water including sodium chloride. The agglomerated
material was analyzed by energy dispersive X-ray spectroscopy in SEM and was identified as
silver. They conclude that the high level of chlorine concentrations which may be introduced
from fingerprints or other direct contamination can cause corrosion through cracking and

delamination of the top zinc oxide layer.

The durability of the multilayer sputter coating including silver layer as intermedia layer was
investigated by Kioke ef al. [131]. After immersion in 0.1 mol/ I of salt water for 17 h, white
spots were found on the surface of the multilayer sputter coating resulting from the migration
of silver atoms in the silver layer. In order to improve the corrosion resistance of the
multilayer coatings, they also sputtered 0.5-2 nm thick transition metals such as titanium,
vanadium, tantalum, and zirconium on the top surface of the multilayer coatings, and then the

appearance, electrical resistance and transmittance of the multilayer coatings was evaluated.
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They observed that durability against salt-water exposure was dramatically improved by
deposition of titanium and tantalum to the top surface multilayer coatings

(ITO/AQ/ITO/AQ/ITO/Ag/ITO/PET substrate) without a significant decrease in transmittance.

Ando and Miyazaki [133] investigated the moisture deterioration of zinc oxide/silver/zinc
oxide on glass substrates. It was found that the moisture penetration through the top zinc
oxide layer enhanced Ag migration and resulted in decreasing the interface bonding between
the top ZnO and Ag and also peeling of top ZnO layer was observed to be due to weakened
adhesive forces and high internal stresses in the top oxide layer. In order to improve the
moisture durability of Ag based TCO and to reduce white dots appearance, they also have
proposed two methods. One of the methods was adding metal elements to the Ag layer to
suppress Ag migration [130] and the other one was reduction of the internal stress of the

oxide top layer to avoid crack occurring [134].

Chen et al. [135] reported that the many corrosive spots appear when an ITO/Ag/ITO
multilayer is exposed for 144 hours to 323 K with a relative humidity of 90%, and these spots
are related to the corrosion of Ag. However, there are no spots observed on the surface of
ITO/AQTI/ITO (see Figure 2-17) due to the greater corrosion resistance of Ag-Ti alloy as
compared to pure Ag. It is also observed that the conductivity and the transmittance at wave
length of 550 nm of ITO/Ag/ITO were significantly decreased after the durability test but no
change was found for ITO/AgTi/ITO. They conclude that ITO/AgTi/ITO is a promising

candidate for transparent conductive electrodes.
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Figure 2-17 Surface observation of (a) —(b) ITO-Ag-ITO and (c) ) ITO-AgTi-ITO film ,after
exposure to 323K with a relative humidity of 90% for 144 h [135].

Chen et al. [136] also investigated the mechanism of degradation of ITO/Ag/ITO in humid
environments. They reported that the moisture penetrated through pre-existing defects in the
oxide top layer and then was absorbed by the Ag layer and decreased the interfacial sticking
force between the top ITO layer and Ag layers. This induces silver migration and promotes

the Ag aggregation. After that the ITO top layer cracked and peeled off as the internal stresses
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relaxed. Defects resulting from moisture penetration can cause the hazy spots formation and

scattering of light which thereby reduces the transmittance.

In addition to the degradation of transparent electrodes when subjected to a corrosive
environment, they may fail when subjected to the combination of mechanical stress and
corrosion during manufacture and use and so this can lead to stress corrosion cracking. A few
other studies have paid attention to the effect of combination of stress and corrosion on the

transparent conductive electrodes.

Sierros et al. [137] stated that the primary cause of premature failure of ITO is stress
corrosion cracking. They wrapped ITO-coated PET specimen around mandrels with various
diameters and then submerged them in a corrosive environment provided by acrylic acid. It
was found that the combination of both applied stress and corrosion can cause cracking to
occur at strains below a quarter of those needed for ITO electrical failure with no corrosion. It
was also noted that the corrosion is observed to form in rough specimen areas thus suggesting

that substrates with smooth surfaces are important for avoiding extreme corrosion.

Hamasha [138] reported the influence of different temperatures and relative humidity on the
electrical resistance of ITO film with and without cyclic bending. The electrical resistance of
samples cycled at 20 °C of temperature and 20% relative humidity did not exceed 1% of the
original value, while it exceeded 2% for samples cycled at 70 °C and 20 % relative humidity
as well as samples that were cycled at 20 °C and 80% relative humidity. However, the
electrical resistance for the sample cycled at 70 °C and 80% relative humidity increased
significantly by 17% and severe cracking and moisture damage (spots) were observed on the

surface. They concluded that without involving bending fatigue, temperature and relative
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humidity have no significant influence on the electrical resistance of the ITO film. They

conclude that cyclic bending is the dominant factor in ITO electrical failure.

Bejitual et al. [139] applied cyclic bending on ITO coated PET under (0.05 M concentration)
acrylic acid solution and measured in situ the change in electrical resistance. Acrylic acid is
contained in many pressure-sensitive adhesives that are included in optoelectronic stacks.
They found that the percent increase in electrical resistance when specimens were under
corrosion-fatigue was significantly greater than that under fatigue or corrosion alone. In
addition, crack density values were higher for specimens under corrosion-fatigue as compared
to samples with no corrosion. For example, under fatigue—corrosion after 500,000 cycles at
0.9% applied strain, the crack density was found to be 1.7 times that of the no-corrosion case,

indicating that the combined action of fatigue and corrosion is significant.

In particular, the specific objectives are:

¢ Investigation of the mechanical, optical and morphological properties of uncoated PET
and PEN substrates in order to understand the role they play when 1GZO is deposited

on polyesters.

e According to the literature review as mentioned earlier there is relatively little research
reported about the mechanical behaviour of a-IGZO coated on polymers. Therefore,
the general characterization and mechanical properties of IGZO films both coated PET

and PEN substrates was discussed.

e The electrical resistance changes under tensile and bending deformation have been
studied by several research groups [101,104,112]. However, twisting deformation is

expected as another common deformation type in flexible display or other flexible
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electronics devices. Therefore, new mechanical testing methods and apparatus such as
a twisting and cyclic twisting device were developed for the characterization of thin

film components for flexible electronic devices.

Since Ag is sensitive to salt environments, chlorine presents in the marine
environments can influence the stability of ITO/Ag-alloy /ITO, which can negatively
impact on the lifetime of the flexible solar cells device. In addition, the residual CI
after the roll-to-roll etching processes can cause degradation of ITO/Ag-alloy/ITO
functional properties. However, this issue has been little researched in the past.
Therefore, the impact of exposure of aggressive salt environments on electrical,
optical and morphological properties of ITO/Ag-alloy /ITO films was investigated and
also bending fatigue and bending fatigue-corrosion behaviour of ITO/Ag-alloy /ITO

films were studied.

In use, solar cells are usually bent around the surface on which the devices are laid (i.e
under stress) and can be in service in hot and humid climates for long times in the
summer. This can cause cracks in TCO film and corrosion Ag layer and with
subsequent loss of device functionality. Early work [138] evaluated the bending
fatigue behavior of TCO film under different temperature and humidity. However,
data on the long term bending of TCO in various environments including temperature
and humidity conditions has not been reported. Therefore, in this project the bending
behaviour of ITO/Ag-alloy/ITO film over time under different temperature and

humidity conditions was investigated.
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3. Materials and experimental methods

In each case, the test was conducted on at least five test specimens and the average values

were calculated. The research flow for the overall methodology is illustrated in Figure 3-1
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Figure 3-1 Systematic research flow for this study.
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3.1. Sample Production and Preparation

3.1.1. Polymer substrates

The polymer substrates that were used are two semi-crystalline polyesters, PET (Melinex ST
504) and PEN (Teonex Q65 FA). Samples of both were supplied in the form of A4 sheet by
DuPont Teijin Films [140]. Polymer sheets were separated with paper in order to avoid any
surface damage to the surface layer. During the manufacturing processes by Du Pont, the
PET and PEN were heat-stabilised and pre-treated on one side by an adhesion-promotion
coating. The details are commercially confidential and not available. However, adhesion
studies of the coating are not a central feature of this work. The thickness of the biaxially -

oriented polymer substrate sheets which was measured by micrometer is 0.125mm.

3.1.2. 1GZO coated on PEN and PET

IGZO film of thickness ~50 nm was deposited on to the polymer substrates using RF
magnetron sputtering from a In203:Ga203:Zn0 (1:1:1) target (99.99% purity). The substrates
having a dog-bone shape (50 mm length, with 18 mm gauge length and 4 mm gauge width)
were cut from sheets using a Moore Hydraulic Press. Prior to introduction inside the
sputtering chamber, the polymer substrates were ultrasonically cleaned in acetone, ethanol,
and then in deionized water for 5 min each. Deposition was performed (without heating the
substrate) in an argon atmosphere and without an oxygen feed. A 10.16 cm diameter ceramic
target, 20 cm from the substrate, was used under a base pressure of 5.1x107° Pa; constant RF
power of 55 W; deposition pressure of 0.5 Pa; power density of 0.7 W/cm?; Ar flow rate of 50

sccm and deposition rate of ~3.3 nm/min. In order to remove contaminant on the surface of
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the target, the IGZO target was pre sputtered for 5 min before the deposition of the film. The
deposited film was estimated to be 50 nm thick by using ellipsometry measurements on the
thickness of a typical 1GZO film grown on glass. The IGZO deposition conditions were
previously optimized to produce TFTs with a high mobility, low threshold voltage and large

switching ratio. Examples of TFT characteristics have been reported previously in [141].

3.1.3. ITO/Ag-alloy/ITO coated PET substrate

The ITO(~95nm)/Ag-alloy (~10 nm)/ITO(~95nm) sheets on PET (125um) substrate, supplied by
Dr G. Potoczny were deposited by a commercial magnetron sputtering machine in CSEM
(Brazil). The sheet resistance of the ITO/Ag-alloy/ITO layer was 11Q/sq. Sheet resistance was

measured using a four-point probe.

3.1.4. Salt Corrosion

NaCl solutions were used in the corrosion and fatigue—corrosion experiments. Various
concentrations of NaCl: 0.3M, 0.5M, 1M, 2M and 3M were prepared from analytical grade
sodium chloride (Sigma-Aldrich and Fisher Scientific) and de-ionised water was supplied by

an Elix water purification system.

3.2. Experimental Method

3.2.1. Characterisation of uncoated polymer substrate.

e Differential Scanning Calorimetry (DSC): It is a technique that is used to examine

the thermal transition of a polymer. For example, the glass transition temperature (Tg),
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crystallisation temperature (Tc) and melting temperature (Tm) can be obtained from
this method. Experiments were carried out with a DSC Perkin Elmer 7. Samples of
around 10 mg were cut directly from the polymer sheets and loaded in one pan while
the other pan which used as a reference was left empty. Both pans were held at 25 °C
for two minute and then heated to 290 °C at a temperature ramp rate of 10 °C/min.
The resulting temperature changes are monitored and converted to a chart recorder
where changes such as crystallisation or melting peaks are recorded. The enthalpy of
fusion AH; of the samples was calculated from a DSC thermogram (the area under the
melting point). From this the degree of crystallinity X, of the samples can be
determined by using the following equation [142]:

_ AH;—AH, 3-1

¢ AH?

where AH, is the enthalpy of cold crystallization and AH{ is the enthalpy of fusion of

a pure crystalline polymer.

Tensile tests: The mechanical properties of uncoated polymer substrates were
obtained with an Instron 5566 mechanical testing machine. Dog-bone samples were
cut from polymer substrate sheets by using a Moore Hydraulic Press. The sample
dimensions were 50 mm length, 4 mm gauge width and 18 mm gauge length as shown
in Figure 3-2. The strain-stress data are collected using Merlin software. The PET and
PEN samples were strained at a crosshead speed of 0.5 mm/min in uniaxial tension at

room temperature, the parameters that can then be calculated are elastic modulus and
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the yield point of the polymer. Elastic modulus is the slope of the straight line portion

of the stress-strain diagram as Figure 3-3 illustrates and is represented by E where:

(0 -

E=— 3-2
€

where o and € are the nominal stress and the nominal strain, respectively.

50 mm

\ 4

li 18 mm l

6 mm

Figure 3-2 Shape and dimensions of dog-bone tensile test sample.
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Figure 3-3 Generalized stress-strain curve [143].

The Bulge Test: It was used to study the mechanical behaviour of uncoated polymer
samples under biaxial conditions. The biaxial test facility used in this work was
designed in a previous project [40] and the experimental set-up can be seen in Figure
3-4. A cylindrical pressure vessel made of brass, of 34 mm inner diameter and 16 cm
height is used. A circular sample of diameter 38 mm is clamped on the open orifice of
the vessel using a brass ring of 34 mm inner diameter and 38 mm outer diameter. A
pressure P is applied, manually, by using the N> gas cylinder, and the deflection at the
centre of the thin circular sample h, is measured by using a linear voltage

displacement transducer (LVDT). It is important to note that the time was monitored,
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as 20 KPa of pressure was applied per minute, and this process was repeated until the
leak from the failure point takes place. The data are collected and recorded using

National Instruments Lab View program.

The initial stress o, and biaxial modulus M are important parameters that can affect

the performance, efficiency and reliability of thin film devices. The biaxial modulus M

E

can be expressed as follows M = . The biaxial modulus is used because the

stress is in a biaxial configuration, therefore the effects of Poisson’s ratio v must be
taken into account. M and o, could be calculated from the direct fit between the data

of P and h, using the generalised bulge equation [144]:
h3 3-3

p =¥C10-Ot+ Ctha_4

where t is the film thickness , a is the half-width of the membrane, as shown in Figure
3-5, ¢; and c, are equal to 4 and 8/3 respectively, and are obtained from the analytical

spherical cap mode [40].
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8 1: Gas outlet valve

2. pressure gauge

3: Gas inlet valve

4: Displacement transducer probe
5:Displacement transducer (LVDT)
6: Nitrogen gas

7: sample

8: pressure vessel

9:PC

Figure 3-4 Schematic of the bulge test system [40].
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Figure 3-5 Schematic diagram showing geometric deformation of a thin sample using the biaxial
bulge test.

e Dynamic mechanical thermal analysis: In order to obtain the dynamic mechanical
properties of polymers at various temperatures, dynamic mechanical thermal analysis
(DMTA) was performed on all samples. This technique measures the deformation of a
sample usually by applying an oscillating force in sinusoidal form to a specimen

[145].

The dynamic mechanical properties are described in terms of the storage modulus E’
and loss modulus E" of the sample, which are approximately represented by the
elastic and viscous behaviour of the sample respectively. E'and E''and are the real and

imaginary components of the complex dynamic modulus E*. The strain usually lags

68



from the stress by an angle 6. The ratio of the loss to the storage defines tand often

referred to as the loss tangent [146]:

E*= o

€ 3-4
E’' = E*cosd 3-5
E" = E*sind 3-6
tané = I 3-7

The DMTA apparatus was of the type [NETZSCH DMA 242 Cell]. The dimensions of
the sample were 30x4x0.125 mm, cut from the dog-bone tensile test sample. Tests
were carried out in the tension mode using different vibration frequencies (1, 25) Hz.
Samples were heated from 24 °C to 200 °C at 1 °C/min. The storage modulus and
tanSd were collected as a function of increasing temperature at different vibration
frequencies. The Ty was taken as the position of the peak in the temperature of tané

curve [147].

3.2.2. Mechanical experiments on IGZO coated polymer

e The Uniaxial Fragmentation test was performed using a miniature tensile testing
machine (PL Thermal Sciences) equipped with a 200 N load cell as shown in Figure

3-6 the tensile tester was attached to an optical microscope stage (Leitz Wetzlar model
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Epivert) and the images were taken every 3s during the test via a camera (PixeLINK)
connected to the microscope in order to monitor the critical onset strain and the
development of the cracking of the IGZO-coated PET and PEN as the applied tensile
strain increased. The images were collected by a computer using LINK software and
can be combined with stress-strain data. The extension and load signals were recorded
by National Instruments Lab View software, and treated in order to obtain stress and
strain data. Tests were carried out on dog-bone samples at 0.1 mm/min. It is observed
that under a continuous loading situation it was difficult to focus the microscope if the
loading rate was too fast but that a slow loading rate of 0.1 mm/min allowed us to
accurately capture the crack pattern. The development of IGZO cracking was analysed
in terms of crack density (CD) at each applied strain increment. The crack density that
was defined as the inverse of the average spacing between the cracked 1GZO thin film
was obtained from optical microscope photographs using image analysis software

(Image J).
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Metal Grip

Figure 3-6 Image of miniature tensile testing machine

e Buckling test : The equipment which was originally designed to determine the critical
failure strain of optical fibres was slightly modified to test the IGZO/polymer samples.

Figure 3-7 shows the experimental set-up used in this case.
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Figure 3-7 Photograph and schematic diagram of the buckling test set-up used in this study.
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Metal plates were prepared and attached to the Fiber Sigma rig (ALM WESTBURY,
NY). The sample with dimension 30x4 mm, is clamped between the two parallel
plates, where one plate is movable causing the sample to bend at crosshead speed set
at 0.5 mm/min, while the other plate is fixed. The distance between the two parallel
plates L (20 mm) was decreased stepwise (0.25 mm) under an applied force driven by
a stepper motor until the maximum bending strain value was reached. The image was
taken at each loading step during a three-minute holding period. The buckling
apparatus was mounted under the CLSM to determine crack onset strains under both
tension and compression and to monitor crack propagation. In situ optical observation
was used as a simple and effective way to determine the crack-initiation strain of the
thin film, particularly as the film is non-electrically conductive [148]. CD was
obtained in a similar manner to that obtained in the uniaxial fragmentation test. The
angle of curvature 6 was measured using a side-view digital imaging system and
image analysis software (Image J). The radius of curvature, R can be written in terms
of the axial displacement e by using an analytical large deflection solution [149]; the

cross-sectional view of buckled specimen is schematically shown in Figure 3-8

E(k 3-8
e _ ot - E®),
L K(k)
L 3-9
R- NK(k) k
0 -
k = sin— 3-10
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where K(k) and E(k) and are the complete elliptical integrals of the first and second
and N is equal to 8 for clamped ends. Combining equation 3-10 and equation 3-9

with equation 3-8 , R is given by:

2L—e 3-11
R =

16E(Kk) X sing

where E(k) was obtained based on the Eq (a-1) in [150]. Hence, from R the values of

the resulting buckling strain € were calculated by using equation 2-7.

Figure 3-8 Schematic diagram of the buckled specimen - Clamped ends.

3.2.3. Electro-mechanical experiments of ITO/Ag-alloy/ITO coated PET

o Twisting Test: It was carried out using a twisting apparatus in order to investigate the
twisting durability of the ITO/Ag-alloy/ITO coated polymer. The twisting apparatus as
shown in Figure 3-9 was designed in this project and can be operated manually.

Goniometers, originally used either to measure the angles between crystal faces in
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crystallography or to rotate samples in X-ray diffraction, were used as a torsional
device for rotating the 1TO/Ag-alloy/ITO coated PET, enabling fine control rotation
angle as low as 2°. They were attached into a rigid frame. Metal grips were prepared
and connected to both goniometers to clamp the specimen. For in situ electrical
resistance monitoring purposes, a plastic plate was placed between each metal grip and
each goniometer to provide a closed electrical circuit (see Figure 3-9). Then, two
copper wires were attached to both grips and connected to a FLUKE 45 multimeter. A
computer running National Instruments Lab-View software was used to collect
electrical resistance data. The twisting apparatus was placed underneath the CLSM to
monitor film crack initiation and propagation. The clamped sample 30x4 mm was
twisted in opposite directions by each goniomoter. The twisting angle was increased
stepwise to around 62° so that image and change in electrical resistance could be

recorded at each twisting step during a 3-minute hold.
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insulating plate

Figure 3-9 Custom -built twisting loading apparatus.

Twisting fatigue test: The commercial rheometer machine (A RES) equipped with a
temperature-controlled oven are typically used to measure flow and deformation of
rheological materials under applied forces [151]. However, several modifications to

the apparatus were used in this project to investigate the twisting fatigue behaviour of
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ITO/Ag-alloy/ITO coated PET. First, two grips were prepared and attached to the two
jigs that screw in to the crossheads of the rheometer to hold the sample under
investigation. The top jig is fixed to the base of the rheometer machines while the
other in the bottom, is moving with a rotational driver, as shown in Figure 3-10.
During the experiment the lower jig is rotated about the Z - axis causing the specimen
to twist in a clockwise and anti-clockwise direction. Similar to the twisting testing
experiment, in order to close the electrical circuit and measure the electrical resistance
change, the bottom jig is insulated from the base of the rheometer machine by using a
polymer plate and also plastic screws as shown in the inset of Figure 3-10. As earlier,
electrical resistance is monitored by a multimeter and recorded by Lab View software.
In order to keep the sample flat and stable, a small initial load was applied before the
starting the test. In addition, a calibration was performed to link the applied strain to
the twisting angle. Angle (17.5°, 22.5°, 27.5°), frequency (10 cycles/min and 5
cycles/min) and temperature (RT, 50 °C, 100 °C) were all used as the experiment
parameters. The device’s limiting twisting angle is 27.5° beyond which the sample
does not twist. Also, the maximum temperature used was 100 °C because this allowed
measurements either side of the Tg of PET. This set up is controlled by Orchestrator
software. Samples of the same dimensions as those used in the twisting experiments
were cut from the coated film. The measured torques were (38, 43, 48 g.cm) for an
angle of 17.5°, 22.5° and 27.5°, respectively. An air oven was used to heat the sample.
10 minutes were set aside before each material tested to reach the necessary
temperatures. At any selected angle, such as at 17.5°, during one complete cycle the

sample will twist from 0° to 17.5°, 0°, -17.5°, and then back to 0.

77



Copper wire

Figure 3-10 The twisting fatigue experiment set-up used.

Corrosion testing: The sample as schematically shown in Figure 3-11 was cut from
ITO/Ag-alloy/ITO sheet. The samples were cleaned using distilled water and dried in
cold flow air before performing the experiment. The samples with edges clamped
using crocodile clips were fitted inside an open plastic container. Then the container
was filled with either 0.3,0.5, 1, 2, or 3 M NaCl solution and left for 16,000 and
57,6000 seconds at room temperature and the change in the electrical resistance was

monitored in situ. The concentrations were chosen because sea-water has salt
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concentrations of 0.5 M [152] and the time periods were chosen arbitrarily for
experimental convenience. In addition, special care has to be paid in order to prevent
stressing the sample when clamping it inside the container using copper conductive
tape, the end of each sample was coated by it for electrical resistance measurement.
After, the length of time required for immersion, the samples were removed from the
NaCl solution, and then they were quickly washed again by distilled water and

subsequently dried in air.

22.2+1cm

+0.2 cm

— A

25+0.5cm

I 1+0.2 cm

Figure 3-11 Schematic diagram of the ITO/Ag-alloy/ITO coated PET sample used in corrosion
experiments.

e Corrosion-fatigue testing: Custom-built cyclic uniaxial bending apparatus based on
that used in [139] was utilized. A schematic diagram and the setup of this
experimental display is shown in Figure 3-12 . The sample was wrapped over a
mandrel made from chlorinated polyvinyl chloride (c-PVC) on one end and fixed to a
spring balance at the other end. Copper conductive tape was used at each end of the
sample to allow electrical contact for resistance measurements. A large c-PVC
mandrel (R >> r) supported the sample in the horizontal position and prevented

sagging of the sample. Due to the cost of the software that drives the reciprocating rotary
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motion in the original, a servo motor was utilized to rotate the mandrel instead of the
stepper motor used by Bejitual et al. [139]. The reciprocating rotary motion of the servo
motor was controlled by an Arduino board driven using Arduino software [153]. Tests
were run at fixed reciprocating frequency of 2 cycles/sec. The test was carried out for
few hundred thousand of cycles. The response of the film in term of the electrical
resistance was monitored in situ using multimeter. A high-density polyethylene
(HDPE) container was filled with 0.3 M of NaCl solution for the corrosion-fatigue
test. Before and after testing, the samples were washed by distilled water and dried
using compressed air. The data obtained through this test are the number of cycles to
failure and electrical resistance. Note the ITO/Ag-alloy/ITO surface is placed under
tension mode. According to the mandrel radius r of 12.5 mm, sample strips of
approximately 202 mm in length and 10 mm in width were cut out. The bending

tensile stain e from this mandrel was calculated to be 0.5% using equation [92]:

ts + tf 3-12
€ =
2r

where t¢ and ty are substrate and the film thickness respectively.
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Figure 3-12 Photograph and schematic diagram of the custom--built bending fatigue apparatus.

e Long term bending under harsh environments: Long-term bending of ITO/Ag-
alloy/ITO coated PET was evaluated using the test apparatus used for the buckling

tests on 1GZO (see Figure 3-13). Samples with dimension 30x4 mm were clamped in
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place between two parallel plates and loaded in steps at speed 0.5mm/min by a
computer-controlled stepper motor until they reached the selected radius of curvature
(6.6 or 4.3 mm) which is equivalent to strains of 0.94% or 1.44% (determined using
the method described above in section 3.2.2). The apparatus was placed underneath
the CLSM for photographing the surface of the sample during a 3 min time period.
The time period was chosen to allow the machine to scan and photograph the sample.
The bend apparatus was unable to be inserted in the environmental chamber, therefore,
to remove the two parallel plates from the bending test apparatus and keep the sample
under load, an adjustment plate was prepared and attached above the two parallel
plates as can be seen in the experimental set up in Figure 3-13. Then the two parallel
plates were placed in an environmental chamber. It is necessary to insulate the testing
area and to measure the change in electrical resistance in situ inside the environmental
chamber; hence the adjustment plate was attached to the parallel plates with plastic
screws and had thin plastic sheets placed between them and parallel plates. Prior to
running the experiment, the environmental chamber was turned on to stabilize the
humidity and temperature. After the temperature and humidity reach the chosen values
and the environmental chamber has stabilized for approximately 10 mins, the
experiment was started and the electrical resistance was measured for 57,600 seconds.
Then the load sample was removed from the environmental chamber and the surface
was examined again using CLSM. The experiments were performed at 25 and 65 °C

combined with low and high relative humidity of (25% and 80%).
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Figure 3-13 (a)The sample secured into bending apparatus attached to CLSM (b) Illustration of
experimental set-up.
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3.3. Optical transmission measurement

Optical transparency measurements of uncoated polymer substrates, 1IGZO and ITO/Ag-
alloy/ITO coated samples were carried out using a Jenway 6310 spectrophotometer. The
absorbance spectrum was recorded as a function of wavelength between 380 nm and 1000
nm, then it was converted to transmittance using the well-known Lambert-Beer’s equation

[154].

A=-logT 3-13

where A absorbance and T is transmittance. Five samples were used to determine the average

transmittance in the visible range from 400 nm to 800 nm.

3.4. X-ray diffraction

X-ray diffractometry (Bruker D8-Advance) was used in this project in order to study the
crystalline structure of the materials. XRD patterns were collected for both the substrate and
a-1GZO coated sample and ITO/Ag-alloy/ITO before and after exposure to temperature.
Monochromatic CuKal radiation (A = 1.54056 A) was utilised as radiation source. The
samples were scanned over a 20 range of 20° to 70° angle using an approximate step size of

0.028°.

3.5. Microscopy

Various different types of microscopes were used to investigate surface morphology and the

film composition:
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Scanning Electron Microscopy (SEM): It is the most commonly selected
microscopy in modern laboratories due to its combined properties of both high lateral
resolution and good depth of focus. A JEOL JSM — 7000F FE — SEM microscope
equipped with a field emission gun was used. Besides imaging the topography, the
system was also able to provide information on the chemical composition of the
sample through energy dispersive x-ray spectroscopy (EDS). INCA EDS software was
used to determine composition. Focused ion beam (FIB) microscopy was also used to
produce high magnification and high resolution images. A conductive tape was used
to attach samples on to an SEM stub. Prior to SEM observation, the samples were
sputtered with gold to dissipate electric charges. The images were taken under an

accelerating voltage of 15 kV and working distance of 10 mm.

Atomic force microscopy (AFM): It uses a very sharp tip attached to a cantilever
which is using to scan the surface of the sample as shown in Figure 3-14. During the
scan, the tip approaches extremely closely to the surface of the sample and van der
Waals forces between the surface and atoms of tip can take effect. These forces cause
a deflection of the cantilever reflecting the topography of the sample surface. The
specific microscope used in this study was of the type Nano Wizard Il atomic force
microscope (JPK Instruments, UK) operating in contact mode conditions and
primarily used to investigate the roughness of PET and PEN samples. Silicon
cantilevers with a spring constant of 0.3 N/m were used with an operating frequency
of 330 Hz. The average of five values of root mean square roughness (RMS) at

different places was taken for each sample.
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Photo-detector Laser beam

Figure 3-14 Schematic representation of the AFM system. The photo-detector records
differences in the reflection angle of the laser resulting from movements of the cantilever.

Confocal laser scanning microscopy (CLSM): It is a scanning imaging
technique which can obtaine high resolution images and uses a laser light as a light
source that illuminates a small spot on the specimen. A schematic representation of the
optical pathway in a CLSM system is shown Figure 3-15. The incident laser light is
focussed into a spot on the sample. Hence, by operating an isolated optical system, the
reflected light is focussed and transmitted into the special filter (pinhole) on to a
detector without any loss. The scattered or emitted light by other planes than the focal
plane is deliberately dimmed. It is important to note that no sample preparation is
required prior to the investigation and it is relatively easy to use an appropriate testing
machine for in situ experiments. The microscope was used in this study was an

Olympus LEXT OLS3100. Because it has a very stable stand, it is useful for the in situ
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experiments where the bending and twisting apparatus could be placed on top of the

stage and the crack progress viewed.
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Hlumination
" Pinhole

Dichroic
mirror

Laser

*Objective Lens
Specimen
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Figure 3-15 Schematic diagram illustration of the working of a CLSM [155].
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4. Potential substrate for use in flexible display
applications

4.1. Introduction

In this chapter, substrate characterisation methods such as thermal, optical methods and
mechanical and surface properties are investigated and discussed for the polymer substrates

used as candidates in flexible electronics device.

4.2. Results and discussion

4.2.1. DSC Analysis of PEN and PET

Ty and Tm of PEN and PET were measured by using a differential scanning calorimeter (DSC,
Perkin-Elmer DSC-7). Figure 4-1 displays the DSC curves for the PEN substrate. It is
observed that the peaks related to the glass transition temperature and the melting temperature
are 122.6 and 261.5 °C respectively. In addition, the weak peak appearance at a temperature
of 239 °C before the final melting point was attributed to the melting of small or imperfect
crystallites produced on heating or orientation processes [156]. The heat of fusion, AHf which
is equal to 40.5 J/g was obtained from the area under the melting peak. Thus the degree of
crystallinity of the PEN substrate was calculated to be equal to 39.3% by using a previously
observed value of heat of fusion of 100% crystalline PEN polymer which is equal to 103.4 J/g
[157]. The Tgand Tm values from the DSC measurements for the PET substrate are shown in
Figure 4-2. The T was observed at 77 °C and the melting peak temperature was observed at
255.5 °C. Also, pre-melting starts to appear at a temperature of 220 °C similarly to that of

PEN substrate. The area under the melting peak which represents the heat of fusion is equal to
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44.9 Jlg. Alves et al. [142] reported that the theoretical value of heat of fusion of 100%
crystalline PET is equal to 140 J/g. Consequently, the crystallinity of the PET substrate was

obtained to be equal to 32.1%.

The values of Tg, Tm and the degree of crystallinity of PEN and PET are also listed in Table
4.1. The figures and table show that the Tq and Tm of PEN and PET substrate are very close to
the values reported in the literature by Robert et al. [16] for Tqand by MacDonald et al. [32]
for Tm . In addition, it is clear to see that the Ty of PEN is higher than the T4 of PET whereas
the Tm of PEN is only a few degrees higher than the T, of PET which can be attributed to the
discrepancy in chemical structure between PEN and PET [32]. Also, PEN was found to have a

high degree of crystallinity compared to that of PET, which gives it a high elastic modulus.

10 1
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Figure 4-1 DSC graph of PEN Teonex Q65 FA.
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Figure 4-2 DSC graph of PET Melinex ST 505.

Table 4.1 The values of Ty, Tm, Xc and AHs obtained for PEN and PET using the DSC technique.

Property PEN PET
Glass transition temperature, T¢/(°C) 122.9 77
Melting temperature, T /(°C) 261.5 255.5
Heat of fusion (J/g) 40.5 44.9
Degree of crystallinity (%) 39.3 321
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4.2.2. Optical transmission

The optical transmission measurements for PET and PEN substrate were conducted using A
Jenway 6315 Spectrophotometer. Figure 4-3 presents the optical transmittance in the wave
length range 350-1000 nm for semicrystalline PET and PEN substrates. PEN transmittance

started to increase at wavelengths > 380 nm, in comparison to PET’s transmittance at
wavelengths > 350 nm. This difference is due to the naphthalene ring group in PEN that

brought with it a chromophore. It is observed that the average transmittance in the visible
wavelength spectrum (400- 800 nm) for both substrates was approximately equal to 86%.

These results are in good agreement with the data obtained elsewhere [34].
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Figure 4-3 Transmittance spectra of semicrystalline PET and PEN.
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4.2.3. Surface morphology properties
The surface morphology of polyester substrates was investigated using contact mode AFM
techniques in order to understand the role it plays when additional layers such us IGZO are

deposited on the polymer.

The top and back of PET and PEN substrates were examined. Figure 4-4 shows surface
morphology of the top PET substrate. Several elongated features were observed that protrude
on the order of only a few nanometres above the film surface. RMS roughness that is
measured over an area of 2x2 um? is relatively small and equal to 1.04 + 0.03 nm. Beake et
al. [158] observed similar topography for biaxially-oriented PET by using tapping mode
AFM. Their studies suggest that these features are more likely to be plate-like crystallites.
Also the RMS roughness parameter was in good agreement with the results by Benmalek et

al. [159] who reported for biaxially oriented PET films a value of 1.13 nm.

Figure 4-4 AFM (3D) left and (2D) right view images of the top PET substrate.
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In addition, Figure 4-5 displays the surface morphology of the back PET. Many lumps were
observed. It shows a higher RMS roughness of surface 7.21 + 0.4 nm, as compared with the

top PET surfaces. This difference comes from the adhesion pre-treatment of the top PET

substrate.

Figure 4-5 AFM (3D) left and (2D) right view images of the back PET substrate.

Furthermore, the surface morphology of the back PEN is presented in Figure 4-6. Extended
long surface features similar to those of the top PET were observed. In addition, the back PEN

exhibits slightly higher RMS 1.4 + 0.04 nm as compared to root mean square roughness of the

top PET surface.

93



uni

Figure 4-6 AFM (3D) left and (2D) right view images of the back PEN substrate.

Figure 4-7 presents the surface topography of the top PEN substrate. It can be observed that
the elongated features are absent in this case. However, some small lumps and few large ones
exist. RMS roughness of top PEN surface is approximately equal to 8.1 £ 0.3 nm and it is
higher than that of the back PEN. The smoother surface of back PEN is attributed to an

adhesion promotion coating.

94



70 nm

0

Figure 4-7 AFM (3D) left and (2D) right view images of the top PEN substrate.

The results reveal that the PET substrate exhibits slightly lower surface roughness than the
PEN substrate. This is an important factor to be considered to achieve high quality of
subsequent layers in display applications. The roughness discrepancy could be related to the
slight difference in the degree of crystallinity between PET and PEN (i.e increase in the

surface RMS values associated with crystallisation) [160].

4.2.4. Mechanical properties

4.2.4.1. Tensile test analysis

Tensile test for both PET and PEN were conducted with an Instron 5520 mechanical testing
machine. The elastic modulus (E)was determined under uniaxial tension and 0.5 mm/min
crosshead speed by calculating the slope of the initial linear regime of stress-strain curves.
Also, the yield strength was determined by intersection of the two tangents to the initial and
final region of stress-strain curves [161] as shown in the Figure 4-8. The samples, 50 mm
length, 4 mm gauge width and 18 mm gauge length were cut from A4 sheet at different angles

0, 30°, 45°, 60° and 90° with respect to x—axis, as Figure 4-9 illustrates.
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Stress
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Figure 4-8 Stress- strain curve of polymer, the stress at point B is defined as yield stress.

A4 polymer sheet

y- axis

X- axis

Figure 4-9 Definition of x-axis and angle regarding the polymer.

The Young’s modulus and yield strength at different angles for polymer samples with respect
to A4 sheet x-axis are shown in Figure 4-10 and Figure 4-11 respectively. PET and PEN
biaxial orientation has a great influence on elastic modulus values. Generally, the modulus

and yield strength values for PEN are higher as compared to values obtained for PET
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substrates at each angle. PEN exhibits highest modulus values 3.76 + 0.03 GPa and highest
yield strength values at 0°, while a slightly lower elastic modulus 2.9 £ 0.26 GPa and lower
yield strength 51 + 14.1 MPa are obtained at 30° for PEN. The results obtained in this work

are in agreement with those reported previously for biaxially stretched PEN [41].

From Figure 4-10 and Figure 4-11 it can also be observed that PET samples exhibit similar
behaviour to PEN samples with highest Young’s modulus value 3 + 0.24 GPa and highest
yield strength 73 £ 21.5 MPa, being at 0° angle. However, PET exhibits lowest modulus value
and lowest yield strength at angles 30° and 60° respectively. The modulus value for PET was
lower in comparison to those reported in the literature [40,47]. Leterrier et al. pointed out that
the effect of sample dimension (length over width) ratio on the Young modulus measurements

must be taken into account for samples less than 10 mm width [101].
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Figure 4-10 Young's modulus versus angle with respect to x-axis of bare PET and PEN
substrates.

97



120 A PEN Tenoex Q65FA
B PET Melinex ST504

100 {

(0]
o
. '

o
o

Yield Strength (MPa)
3
3

N
o

O T T T T T T T T T 1
0 10 20 30 40 50 60 770 80 90 100

Angle degree

Figure 4-11 Yield strength versus angle with respect to x-axis of bare PET and PEN substrates.

Anisotropy of modulus and yield strength values were observed at 0°, 30°, 60° and 90° angles
for both film substrates. This is related to the biaxial orientation of the molecular chains that
both films exhibit. Also, the lowest modulus value was observed at intermediate angles such

as at 45° for PEN and at 30° for PET sample. This might be related to the bimodal orientation

of the molecular chains [41].

In addition, the highest modulus value for PEN and PET was observed at 0° angle. It suggests
that the molecular chains for PET and PEN specimen at 0° are aligned parallel to the applied

force [162]. Because of this, the zero angle was used to cut the substrates for further

experiments.
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The effect of strain rate was investigated by stretching PEN and PET samples at different
strain rates. Crosshead speeds of (0.1, 0.5 and 5) mm/min which is equivalent to strain rate of

(5.5%10 3, 2.7*102, 2.7*1071) min! were used.

Figure 4-12 and Figure 4-13 show the stress-strain curves at different strain rates for PEN and
PET substrate respectively. The strain rate was found not to affect the elastic modulus, while
increases in yield stress were found with increasing strain rate. This is comparable with the

results reported by Leterrier et al. [101] for PET under uniaxial tension.
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Figure 4-12 Stress- strain curve for PEN samples at different strain rates.
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Figure 4-13 Stress- strain curve for PET samples at different strain rates.

4.2.4.2. Bulge Test Analysis

In order to obtain the mechanical properties of polymer substrates under biaxial conditions,
the bulge test was used, fitting the pressure - deflection recorded data to Equation 3-3. By
rearranging constants from the first and second term of Equation 3-3 and acquiring the A and

B parameters as shown in Figure 4-14.

C,0,t C,Mt . ..
B = 1:20 A= 2a4 , the initial stress o,and biaxial modulus M are then calculated. It

should be noted that the initial linear region of the pressure/deflection against h? data must be
fitted into Equation 3-3. An underestimation of the biaxial modulus can occur if the whole
data is fitted into the generalised equation. Hence, it is important that the bulge pressure gauge

must show good resolution during the early stages of the introduction of pressure. As reported
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by Lin et al. [163] that accuracy in controlling the pressure loading is important for the bulge
test. Figure 4-14 shows a typical example of a linear fit of bulge test data for PEN. A biaxial
modulus of 2.5 £ 0.3 and 2 + 0.2 GPa, and initial stress of 1.3 + 0.3 and 0.28 + 0.06 MPa were
found for PEN and PET substrates respectively. By assuming a Poisson's ratio v = 0.37
and v = 0.45 for PEN and PET respectively [97], the Young's modulus for PEN and PET are
calculated to be 3.9 £ 0.2 and 3.6 + 0.5 GPa respectively. The Young's modulus values for
PET and PEN are in agreement with values obtained by tensile testing. These agreements
demonstrate that the bulge test is suitable for measuring mechanical properties such as biaxial

modulus and initial stress.
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Figure 4-14 Plot used to derive initial stress a,and biaxial modulus M for PEN bare substrate.
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4.2.4.3. Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical properties of PET and PEN sample were monitored over a wide range of
temperatures by applying a sinusoidal deformation to them at 1 and 25 Hz. Because of their
viscoelastic behaviour the response of PET and PEN sample to an imposed deformation will
depend on how fast or slow the deformation was applied to the specimen. Results for the

temperature dependence of storage modulus for PEN and PET substrate are depicted in
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Figure 4-15 Change in storage modulus of PEN and PET with temperature.

It is seen that the storage modulus, E' of both materials decreases as the temperature increases,
i.e. both materials become softer or more flexible as they are heated. However, in the region
(100 — 140 °C) PEN samples exhibit higher modulus and it is almost twice as great as that of
the PET sample. Our results are consistent with results obtained by Macdonald et al. for PET

and PEN [47]. Figure 4-16 and Figure 4-17 show the dependence of the storage modulus and
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mechanical loss (tan &) for PEN and PET samples on the temperature at frequencies of 1 Hz
and 25 Hz. The storage modulus increased as the temperature decreased and the frequency
increased. The peak of the curve, which is the relation between the energy lost and the energy
stored E"/ E’ during the transition, was used to determine the Ty of PEN and PET substrate to

understand how the polymer behaves under ambient conditions.

At higher frequencies, Tq (a-process) for PEN and PET shifts from ~146 and ~114 °C to a
higher temperature of -156 and-120 °C respectively. This means that the Tg4 of the polymer
material strongly depends on the time allowed for chain segment rotation. The faster the
applied stimulus, the less time the molecules have to respond to it. Therefore, a higher

temperature is required to energize the movement of the molecules at higher frequencies.

The Ty values obtained for PET and PEN by this technique are greater than from those
obtained by DSC. This finding is consistent with other studies [164] carried out on these
polymers. In addition to the Tg, there are other properties of PET and PEN films which are
different. For example, in a comparison between PET and PEN in term of the storage
modulus versus temperature values, the distance between the 1 Hz and 25 Hz curves for PEN
is larger than the PET which suggests that PEN is more highly affected by frequency than that

of the PET film.

Also, the peak of PB*- relaxation of PEN was observed at around 66 °C and 82 °C at
frequencies of 1 Hz and 25 Hz respectively. This process is related to the movement of the
naphthalate ring of the PEN. However, this relaxation cannot be found in PET because this
type of relaxation is created by the movement of the naphtalate group, which is not present in

PET, and phenyl group does not cause this type of relaxation.
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Figure 4-16 Storage modulus and tan 8 determined for PEN by DMTA.
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Figure 4-17 Storage modulus and tan 8 determined for PET by DMTA.
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4.3. Conclusions

The results of this investigation show that PEN substrates exhibit higher Tq and Tm values
compared to those of PET which has a significant influence on their utilization for flexible
electronics fabrication at high temperatures. Both polymer substrates exhibit high and almost
the same transparency in the visible range and low surface roughness; they can be chosen as
candidates for bottom — emissive displays. The biaxial orientation of polymer chains has a
significant influence on the elastic modulus of semicrystalline polymer samples. The initial
stress and biaxial modulus of PET and PEN substrates have been determined by measuring
the bulge height versus pressure. It was found that elastic modulus measured by bulge test
data is comparable to the elastic modulus measured by uniaxial tensile testing especially in
the case of PET. PEN exhibited a higher storage modulus in the region (100 — 140 °C) as
compared to that of PET, which indicates that PEN may be a better candidate. The results also
show that the glass transition is strongly influenced by frequency and PEN has higher

frequency dependence when compared to PET.
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5. Mechanical properties of flexible transparent thin films

5.1. Introduction

The main issue with transparent brittle material coated on polymer materials is the mechanical
mismatch between the brittle layer and the viscoelastic polymer substrate which can lead to
cracking or even delamination during processing/service. 1IGZO has drawn considerable
attention as an extremely promising alternative to a-Si:H for TFTs [19]. However, there is
little previous work on the mechanical properties of IGZO on polymer substrate. Therefore,
this chapter discusses the general characterization and mechanical properties of 1IGZO films
both coated PET and PEN substrates. This work focusses on the failure of coatings adhering
to a compliant substrate using several mechanical experiments such as uniaxial tensile and
buckling tests coupled with in situ optical microscopy. The effects of the polymer substrate on
critical onset strain, adhesion and saturated crack spacing of the film are also investigated.
The work presented in this chapter has been published in Thin Solid Films ,594 (2015) 197—

204.(see Appendix A for full paper manuscript).

5.2. General characterisation of IGZO deposited on polymer substrates

IGZO film was deposited on to polymer substrates using RF magnetron sputtering from a
In203:Ga203: ZnO (1:1:1) target (99.99% purity) at room temperature as discussed previously
in section 3.1.2. The thickness of the films on PET and PEN substrates were measured as ~50
nm by using an ellipsometer (Gaertner He-Ne (633 nm)). Room temperature deposition was

performed using the conditions previously used for optimisation to produce amorphous IGZO
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TFTs with a high mobility, low threshold voltage and large switching ratio. Examples of TFT

characteristics have been reported previously in reference [165].

The optical transmittance was tested by using a Jenway spectrophotometer Figure 5-1 shows
the transparency spectra of the IGZO coated PET and IGZO coated PEN. It can be seen that
both samples exhibit almost the same transparency > 82% in the visible wavelength spectrum.
These values are comparable to the previously reported transparency of 1GZO film grown on

glass by magnetron sputtering [166].
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Figure 5-1 Transmittance spectra of 1GZO thin film grown on PEN and PET substrate.

Contact-mode AFM was employed in order to examine the surface morphology of 1GZO

grown by sputtering on different polyester substrates.

Figure 5-2 presents AFM images of the surface morphology of IGZO/PET. The RMS

roughness of the films was 0.84 + 0.12 nm. It shows very small island-like structures on the
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surface of the IGZO/PET film, which contributes to the high electrical performance of the
proposed device [167,168]. However, these islands can be observed more clearly and become
larger in both the lateral and vertical directions when 1GZO is deposited on a PEN substrate,

as shown Figure 5-3.

The root mean square roughness is equal to 1.13 + 0.07 nm, a value larger than those
measured for the case of IGZO/PET. It is assumed that such a discrepancy can be attributed to
the higher surface roughness of the PEN substrate. However, large substrate surface
roughness may have a negative impact on the performance of devices. For instance, it is
reported by Klauk et al. [169] that pentacene organic transistors (OTFT) fabricated on PEN
substrates have a higher subthreshold swing and threshold voltage than those fabricated on
glass substrates. This is associated with the large surface roughness of the PEN substrate
compared to with glass substrate [169]. In addition the analysis by Dhar et al. [170] shows
that structural and electrical properties of Au thin films are dependent on the surface
roughness of the substrate, and the authors reported that thin film deposited on glass exhibited
hydrophilic behaviour when compared with thin film fabricated on PEN and better electrical

conductivity was observed when thin films were deposited on glass.

The low RMS roughness of IGZO/PET indicates that PET is a promising substrate candidate
for flexible electronics application where low RMS of the 1GZO is required. RMS values of
both IGZO /PET and IGZO/PEN thin film obtained in this work are higher compared with
previous results [171], which showed an RMS of 0.23 nm for amorphous 1GZO film on a

silicon dioxide (SiO2)/ p-type silicon substrate.
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3.217 nm

0nm

Figure 5-2 AFM (3D) left and (2D) right view images of 1GZO thin film coated PET substrate.

4.904 nm

Figure 5-3 AFM (3D) left and (2D) right view images of IGZO thin film coated PEN substrate.

X-ray diffraction was utilized to examine the structural properties of the 1GZO films when
deposited on both PET and PEN substrates. Figure 5-4 display XRD patterns of IGZO/PET.
For comparison, the data for bare PET are also shown in Figure 5-4. Only peaks which were

from the semi-crystalline polymer substrate were observed for IGZO/PET. The lack of any
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other peaks confirms the amorphous nature of the IGZO. Figure 5-5 shows an XRD spectrum
of the IGZO/PEN, which has no diffraction peak corresponding to IGZO film, but peaks that
showed the PEN substrate were detected. Thus, the XRD patterns of Figure 5-4 and Figure
5-5 indicate that the room temperature depositions produced amorphous IGZO films. This
finding agrees well with result reported previously by Nomura et al. [28] for IGZO thin film
deposited on glass, and compares with result in Refs. [79] for IGZO films deposited on

unheated glass substrates by RF-magnetron sputtering.
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Figure 5-4 XRD plots of 1GZO thin film deposited on PET substrate.
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Figure 5-5 XRD plots of 1GZO thin film deposited on PEN substrate.

5.3. Mechanical properties of IGZO/polymer system

5.3.1. Tensile tests of IGZO coated polymer substrates

Uniaxial tensile tests were carried out on 50- nm-thick IGZO coated PET and PEN substrates
by using an Instron tensile machine at a 0.05 mm/min crosshead speed. Typical examples of
the stress-strain curves for coated and uncoated PEN substrates are depicted in Figure 5-6. It
is clear to see that the IGZO layer increases the elastic modulus of the coated samples. The
elastic modulus of 1GZO thin film E; was assumed to be 200 GPa, by applying the rule of
mixtures [40,172] and based on separate measurements of the substrate and composite film

modulus. In addition, the first Dundur's parameter o, which describes the mechanical
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mismatch between the substrate and the coating, was calculated from substrate modulus
values and coating modulus data as measured above; using in equation 2-4, ( ~0.96) o for
IGZO on PEN was observed, which is slightly lower than that of IGZO on PET (~0.97). This
indicated a lower mismatch in mechanical properties of the oxide coating on a PEN substrate

compared with a PET substrate, which leads, in turn, to a higher crack onset strain.
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Figure 5-6 Typical stress-strain curves of uncoated and 1GZO coated PEN.

5.3.2. Insitu uniaxial tensile test investigation

The uniaxial fragmentation test was performed using a Miniature Material testing machine at
a crosshead speed 0.1mm/min. The sample was prestrained in tension to provide good
alignment. The test was coupled with in situ optical microscopy; images were taken every 3 s
during the test in order to monitor the critical onset strain and development of the cracking of

the 1GZO-coated PET and PEN when the applied tensile strain was increased. Figure 5-7(a)
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and (b) show a series of representative optical microscopy images of crack progression for the
IGZO coating on PEN and PET substrates, respectively. These were optically monitored in
situ during the tensile tests. The cracks can channel across the film and may arrest at the film-
substrate interface. The channel crack initiation and evolution processes in the 1IGZO/PEN
films are quite similar to those in the IGZO/PET samples. Upon loading, the initial channel
cracks begin to initiate from microscopic defects such as pinholes in the coating and surface
defects on the underlying polymer substrates. The cracks then grow to span the whole sample
width direction, and propagate perpendicular to the loading direction. However, the
IGZO/PEN sample exhibits a higher COS of ~2.9% (resulting in an applied stress of 67.07 +
0.85MPa) than that for IGZO/PET at ~2.4% (resulting in an applied stress of 48.4 + 2.5 MPa).
Such a slight difference in critical strain for the IGZO layer deposited on the two types of
substrates may be due to the lower mechanical mismatch between the 1GZO coating and the
PEN. It is seen that the channel crack in 1GZO thin film is uniformly distributed along the
direction of the sample length. This could be due to the uniform stress state in uniaxial

loading as mentioned previously for ITO in [173].

As the strain level increases, at almost ~6.8% (resulting in an applied stress of 98.8 + 2.2
MPa) and ~5.4% strain (resulting in an applied stress of 66.1 + 8.2 MPa) of 1GZO coated
PEN and PET respectively, an adhesion-related failure appears in the form of buckling of the

IGZO film.
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Figure 5-7 Progressive cracking in the IGZO (50 nm) coating on PEN substrate (a) and on PET
substrate (b) at different applied tensile strains. The arrows show failure initiation on the
coating. The images were displed in yellow backgrounds for better contrast visualization.
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Leterrier et al. [101] found that at approximately 6% strain, transverse cracking of silicon
oxide film occurred. Furthermore, Changji et al. [105] reported that the transverse cracks
parallel to the stretching direction start to initiate after straining a ZnO / polyimide foil

specimen to 5.50% strain.

In this study, cracks on the buckle top were not visible during in situ optical microscopy
observations indicating buckle delamination. However, FIB-SEM images show that there are
cracks present on the top of the buckle, parallel to the applied tensile strain (see Figure 5-10
(b) and Figure 5-11 (b)). The secondary cracks and buckling of the film appear to be due to
the lateral contraction mismatch between the substrate and the brittle IGZO which result from

Poisson’s ratio [107,174,175].

It should be mentioned that the internal stress or thermal residual stress of the IGZO thin film
on PET/or PEN can be assumed to be negligible as the sample was flat due to the small

thickness of the film and room temperature deposition.

Based on the optical images, the crack initiation and crack development behaviour of 1IGZO
film under uniaxial tensile tests which were observed in this study are consistent with other
studies reported in the literature for thin ceramic coatings on compliant polymer substrates.
For example Leterrier et al. [87] conducted fragmentation tests on ITO thin films coated onto
a high temperature aromatic polymer substrate. They observed that surface defects on the
underlying polymer substrate and pin-holes remaining after sputtering act as crack initiation
sites. It has also been reported by Rochat et al. [176] that the failure of silicon oxide coatings
SiOx on semi-crystalline PET originated at coating defects such as pinholes. Furthermore, the
likely explanation for fragmentation patterns is that when the specimen is subjected to

external tensile stress it relieves that stress in the 1GZO at points adjacent to the crack path.
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The stress remains unrelaxed at some distance from the crack channel due to the constraint of
the substrate. This causes the initiation of long cracks parallel to the previous crack formed
[177]. Cordill et al. [100] observed that the crack initiation direction of Au(gold) /Cr
(chromium) film on polyimide substrate under uniaxial fragmentation test was diagonal to the
straining direction as shown Figure 5-8. These cracks were a consequence of scratches in the
substrate. They reported that proper preparation of the substrate is an important factor
influencing the crack onset strain and consequent tension reliability of flexible electronic

device.

Figure 5-8 CLSM image of cracked 50-nm Au film with a 10-nm Cr adhesion layer under
unaxial fragmentaion test. Applied strain is 2% [100].
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The 1GZO cracking was quantitatively characterized under tensile strain, in terms of CD,
defined as the number of channel cracks per unit length in the strain direction [176]. The CD
was determined as the inverse of the average spacing between the cracked IGZO thin film
obtained from different random locations on the micrograph. The standard deviation of CD
and COS were calculated, based on averages for five samples. Figure 5-9 shows the evolution
of the coating crack density as a function of the applied strain for both IGZO/PEN and
IGZO/PET samples. It is observed that there is a significant increase in crack density as the
applied strain increases. However, with further increases in strain, the crack density gradually
saturates at certain value, above which no new cracks can form. The saturation in crack
density is strongly related to buckling delamination of the IGZO film on the PEN and PET
substrate, which eventually leads to a reduction in the tensile stress transferred from the
compliant substrate to the 1IGZO film [25]. This case is evident in Figure 5-7; it shows that the
buckling of the IGZO/PET and IGZO/PEN takes place at strains close to their saturation

strain state.
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Figure 5-9 Crack density vs applied strain for IGZO (50 nm) coating on PET and PEN
substrates.

Furthermore, it was found that the IGZO/PEN samples exhibit a higher value of saturated
crack density of (=116 mm™) compared with the IGZO/PET specimens (~95 mm™). The
quantitative measurements of the progression of crack density at saturation state indicate that
the 1GZO on a highly stiff polymer substrate develops more cracks to relax the applied tensile
stress. On the other hand, if a less stiff polymer substrate is used the stress distribution
between substrate and coating can influence the debonding formation between the polymer
substrate and 1GZO, hence the stress is absorbed by the polymer substrate in the debonded
zone. Similar observations have been demonstrated previously by Tsubone [178] for

diamond-like carbon films coated on polymer substrates.

Rehman [179] et al. also indicated that the onset of yielding in the substrate greatly decreased

the stress transfer to the film. Following yielding the applied strain data for localised plastic
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deformation in the substrate reduced the stress transfer into the coating for the equivalent
substrate strain. Therefore, a low yielding substrate will delay crack development in the

coating.

Also, the adhesion between 1GZO films and polymer substrates which was characterized in

term of interfacial shear strength (IFSS) was calculated as follows [180]:

IFSS = 1.337 h¢E; COS CDgy, 5-1

where CDg,, is crack density at saturation. The PET substrate showed lower CDss compared
with the PEN substrate. IFSS of 1IGZO on PET will be lower (30.4 MPa) than that of IGZO on
PEN (44.9 MPa). This indicated that the adhesion of the 1GZO coating on the polymer

substrate depends on polymer stiffness.

The above results suggest that the crack initiation and the density of channel cracks are highly
related to the Young's modulus and the onset of yielding of the polymer substrates. In general,
the high mechanical reliability of IGZO film coated on polymer substrate can be attributed to
the following possible reason. There are many grains with preferred orientation in the 1GZO
coating if it exhibits a polycrystalline structure, therefore is very prone to cracking due to
intergranular defects in the grains under an external force [181]. Therefore, an amorphous

IGZO film delays crack initiation due to the absence of grain boundaries.
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5.3.2.1. Ex - situ microscopical investigation of 1GZO thin film after uniaxial tensile
testing

Surface analysis of the 1GZO films coated on both PET and PEN substrates after uniaxial
fragmentation testing was performed using SEM and AFM techniques which can reveal
additional fine details of the failure mechanisms of the 1GZO/polymer system including
delamination and buckling events. Figure 5-10 displays an SEM image of 1IGZO on a PEN
substrate that was strained to 13%. Cohesive failure cracking perpendicular to the tensile
direction and transverse buckling parallel to the tensile strain are observed. Cracks are present
on the top of the buckle, parallel to the applied uniaxial loading direction, and these secondary
cracks indicate open buckling zones, as Figure 5-10 (b) shows. Channel cracking and open
buckling of the IGZO/PET are shown in Figure 5-11. This is similar behaviour to that
observed previously for IGZO/PEN. However, the IGZO/PEN samples have fractured at the
edges of the debonded zone while for the IGZO/PET delamination is continuous except for
the cracks on the buckle-top, as the one-sided arrows indicate in Figure 5-10 (b). Also, a
slightly higher adhesion level in IGZO/PEN systems is expected compared with IGZO/PET
due to the large buckling width of IGZO/PET samples (~2.1 um) compared with the buckling
width of IGZO/PEN (~ 0.66 um) as the double sided arrows indicate in Figure 5-10 (b) and
Figure 5-11(b). This observation is consistent with results conducted in [107], where it was
reported that the changes in the patterns of buckling delamination validate the highly

improved adhesion between the ITO films and the PET substrate by the interlayers (Ag).

This is also consistent with previous work conducted in [182] where it was pointed out that
poor interfacial adhesion of titania films on polycarbonate substrate resulted in wider buckle
widths. In addition, the cross-sectional view of a channel crack in Figure 5-12 shows that the
cracks originated from the top of the surface of IGZO and grew into the thickness of the film.

The cracks and buckling morphology of IGZO observed in this work are similar to those of
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the previous studies conducted by Frank et al. [183] who pointed out that the load introduced
into a thin tantalum coating on a polyimide substrate during uniaxial tensile strain causes the
formation of parallel cracks and at later stages led to film buckling. Moreover, buckling is
initiated from the edges of the coating segment which can be clearly seen in the Figure 5-10
and Figure 5-11. This is due to the generation of high shear stress at the interface near the
edges of crack compared with the centre [184]. This finding is similar to that suggested by
Wojciechowski et al. [185] for the shear stress; the coating segment should exhibit zero shear

stress at the centre and higher shear stress at the edges.
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Figure 5-10 FIB-SEM image of buckling delamination of 1GZO (50 nm) film deposited on PEN
substrate. Note that black arrows indicate the loading direction for 13% applied strain.
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Figure 5-11 FIB-SEM image of buckling delamination of 1GZO (50 nm) film deposited on PET
substrate. Note that black arrows indicate the loading direction for 13% applied strain.
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Figure 5-12 (a) 3D-AFM image of channel crack path of (50 nm) IGZO/PEN sample, white

arrows show straining direction; (b) Cross section view of the channelling crack of (50 nm)
IGZO/PEN.

5.3.3. Insitu buckling test investigation

The buckling test was used to investigate the mechanical failure behaviour of 1IGZO films on
PET substrates under both compression and tension buckling conditions. Buckling tests were
coupled with in situ CLSM in order to evaluate the critical buckling radius, at which the

cracks in the 1GZO film started to initiate and to observe the film cracking behaviour above
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the critical point under both compression and tension buckling mode. Figure 5-13 shows
surface damage on the IGZO films deposited on a PET substrate. A high number of cracks
was located in the central portion of the specimen and decreased with distance away from the
centre. This indicates that the strain is not uniformly distributed throughout sample length due
to the nature of the bending. This behaviour happens in samples under both compression and

tension buckling modes.

Figure 5-13 CLSM micrograph images of cracks morphology in 1GZO films coated on a PET
substrate under a buckling test. The white arrows indicated the loading direction.

The following discussion focusses on the centre of the bent specimen where the strain
distribution is believed to be uniform. Figure 5-14 and Figure 5-15 illustrate the

development of 1GZO film cracking under tension and compression buckling modes
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respectively. Channel cracks in IGZO/PET are observed when samples are flexed in tension
down to 6.4 mm and flexed in compression down to 5.7 mm radius of curvature, which
corresponds to strains of ~0.9 and 1.1%, respectively. Regardless of the type of deformation
mode, it is noted that the number of cracks increased dramatically with an increase in applied
strain. The cracks were initiated from surface defects for specimens in tension and then
develop perpendicular to the direction of bending. These results are comparable with the

results obtained from uniaxial tensile experiments.
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Figure 5-14 Sequence of CLSM micrograph images of crack morphology in IGZO film coated
PET under (a—d) tensile buckling mode at different strain bending curvature. The white arrow

at 0.9% strain indicates a crack initiating and the black arrows on the top of the images indicate
the loading direction.

Figure 5-15 Sequence of CLSM images of cracks morphology in IGZO films coated PET under

(a—d) compressive buckling mode at different strain bending curvatures. The black arrowes on
the top of the images indicated the loading direction.
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Based on the microscopical images, a comparison of CD of IGZO/PET under tension and

compression modes is determined and presented in

Figure 5-16. It is observed that when the applied strain value exceeded the critical onset strain
COS, the CD increased and correspondingly, spacing between the cracks decreased, then
asymptotically approached saturation density, where cracks are no longer formed. As the

applied strain increased further the cracks opened further.

In addition, it is clear to see that the saturated crack density of the film in the tension buckling
mode was significantly higher than that of the film in the compression buckling mode and the

discrepancy is observed to be around 58 mm™. The first reason for this might be because of

surface defects such as pinholes and imperfections in the film and/or in the substrate [156].
These are also detectable in CLSM images of crack development of IGZO/PET sample as
shown in Figure 5-14 (a). It illustrates crack initiation from pre-existing defects in the IGZO
film under tension, which contributes to the formation of cracks in IGZO film earlier as
compared with under the compression mode. Thus, it is believed that applying stresses to a
specimen under compression buckling leads to closed rather than open microcracks, as also
suggested by Potoczny [186]. The second reason for the discrepancy in the CDsa between the
film under tensile and compression buckling mode is attributed to the various failure
mechanisms as can be seen in Figure 5-14 and Figure 5-15. In particular, the cracks in 1IGZO
film under tensile bending are straighter and parallel to each other while zigzag shaped cracks
are observed for the IGZO film under compression-bending. This is also confirmed by SEM

images of crack morphologies of IGZO film (see Figure 5-18).
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Figure 5-16 Plot of crack density of IGZO coated PET as a function of applied tensile
or compressive buckling strain.

Further insight into the fracture mechanisms of the 1GZO film under tension and compression
modes were obtained from evaluating the fracture energy I' , fracture toughness K;- and film
strength, a,.,-. The energy and strength criterion proposed previously for the multiple cracking
of thin films on compliant substrates can be used to determine the fracture energy I' and film

strength, oy, respectively [187,188]. In the energy criterion, it is assumed that cracking
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occurs when the change in strain energy due to cracking of a coating is in equilibrium with the

energy required for film cracking. The fracture energy of the film can be expressed as [187]:

F _ 3(f1 EC + fz A€)2f3 f4 + 2A€(f1€C + szE)fs E’ 5'2
B 4k f

where €. is the strain at which the crack start to form, Ae is the residual strain, E; is the biaxial

modulus of the film which can be expressed as follow E¢ = % , Where E; and v¢ are the
—Vvf

Young's modulus and Poisson’s ratio respectively. E¢ is taken as 200 GPa using the rule of
mixtures [101] based on separate measurements of the substrate and composite film modulus

value and vy is taken as 0.36 [108]. The parameters f,, f,, f5, f,,fs and k are given by the

following equations [187]:

e A ENDIA = vs YA+ ve) + In(d = ve vs ) 5-3
LT (43T AT+ I+ X)L+ vr)
£ = (1 +Zn3) 5-4
27 (14382 +43n3 + 0+ X204
(@4 ve)(A = 2vpvg + Vi) 5-5
° (1 — vg vg )2
B Yn*(1+1) 5-6
L
_ 2vg (1+vs)A— Vi) 5-7
T (I-viv D)
5-8

1 Bn(1+3¥n*+4¥n®+¥n+X¥*n*
Tt 2(1+vs)X(1+Xnd)
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where Y is the biaxial modulus ratio, n is the thickness ratio of the 1GZO film and PET

substrate and t; is the film thickness. The biaxial modulus ratio can be expressed as follow

= % , Where Eg and v, are the Young's modulus and Poisson’s ratio of the substrate.
s —Vvf

The residual strain is ignored as the sample after deposition was flat and the thickness of the
coating was small. In such a case, the expression of fracture energy in equation 5-2 can be

simplified and becomes :

L3 f2f, f, 5-9

ZE'

4k eC f
From this, fracture toughness, K;c was determined by using the simple relation [189]:

K2 5-10
I = IC
E¢
In the film strength o, criterion, it is assumed that the cracks form when the stress in the
center of the film reaches the film strength. og... By using some parameters given in equation

5-2, the film strength. o4 can be quantitatively expressed as [187]:

ostr = Ef (fi€c + f,A€) 5-11

Then the I', K¢ and oy, values of the IGZO film were determined by using the procedure as

detailed above.

As observed in Figure 5-17 the 1IGZO film under compression mode exhibited higher fracture
energy, fracture toughness and film strength compared with the IGZO film subjected to the
tensile mode. The T, K¢ and oy, values are ~348 J/m? ~8.3 MPa.m*? and ~2.6 GPa

respectively for thin film under tension mode, while, under compression mode the I' , K;¢ and
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o Values are ~ 520 J/m?, ~ 10 MPa.m¥? and ~ 3.2 GPa respectively. This difference is
assumed to be associated with the different cracking mechanism (see Figure 5-18). Hence, the
higher fracture energy of the film under compression mode observed here indicates that a
much higher energy is required to develop the cracks in the films when the sample is

subjected to the compression mode.

Similar observations have been reported in the literature by Ni et al. [113] for AZO films
deposited on polymer substrates who conclude that the higher fracture energy of AZO 142.58
J. m? in compression compared to that of AZO film in tension is attributed to the difference
in failure mechanisms. However, the fracture energy and fracture toughness values for 1IGZO
obtained in this study are higher when compared with the early measurements of both I' for
AZO coated polymer substrates which was in the range of 11.7 to 142.58 J.m [113], and Kic
for aluminium oxide (Al.O3) coated PEN substrate which was determined to be 2.3 MPa.m'/?

[190].
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Figure 5-17 Fracture energy I', fracture toughness Kic and o, of IGZO coated PET substrate
under tensile and compressive buckling modes.

5.3.3.1. Exsitu microscopical investigation of IGZO thin films after buckling tests.
The SEM technique was used to characterize the crack morphology of the IGZO films grown
on PET substrate after buckling in tension and compression. Further insight into the damage
processes in thin films by other techniques (eg SEM) can provide the details of the failure that

were not shown during in situ confocal laser scanning microscopy observations.

Typical SEM images of cracking morphologies of 1IGZO film are shown in Figure 5-18(a).
This shows the IGZO/PET film after the specimen is bent in tensile bending mode to a radius

of 2.7 mm, which is equivalent to a strain of 2.3%. It is observed that the 1GZO film is
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fractured completely due to formation of channel cracks. However, coating delamination, and
channel cracking are observed when the specimen is bent in the compression buckling mode
with the same radius of 2.7 mm, as shown in Figure 5-18(b). This could be due to the

contraction of the polymer substrate induced by applying stress in the compressive mode.

&) (b)

Figure 5-18 SEM micrograph showing crack morphology of 1GZO after flexed down to 2.7 mm
radius of curvature in (a) tensile (b) compression buckling condition.
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For comparison, the coating damage, under tensile strain, is caused by the creation of channel
cracks, while under compression the film specimen may first delaminate from the polymer
substrate and then buckle before the initiation of a crack. This finding can be explained as
follows: under the tensile strain induced by the buckling test the stored elastic energy goes
solely into crack formation; however, in compression, the strain energy is distributed between
crack formation and delamination. Accordingly, additional energy is required to cause the
delamination of a film from a substrate under compressive buckling. This could be one of the
reasons for the observation of the higher fracture energy of 1IGZO thin film under compression

compared with that under tension in the present study.

The present findings are consistent with those found by Lu et al. [191] who found ITO film
failures are caused by channel cracks when the sample is under tensile strain bending
conditions while under compressive strain conditions the film experiences buckling
delamination and cracking. The results from these experiments indicate that the film subject

to tension buckling is more apt to fail than the film under compression buckling [92].

5.4. Conclusions

In summary, prior to mechanical testing, the general properties of 1IGZO thin film were
characterized by using different techniques such as spectrophotometry, AFM and XRD in
order to determine the influence of usage of different types of substrates on IGZO thin film

performance.

The 1IGZO grown on both PET and PEN substrates has transmittance almost above 82% in the

visible spectrum. In addition, the surface roughness of IGZO coated PET substrates was lower
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compared with those coated on PEN substrates and this can be attributed to the surface
roughness of the underling PET substrate. This suggests that it is important to control the
surface roughness of the underlying substrate in order to achieve better surface roughness of
thin films. XRD measurements revealed that IGZO thin film deposited at room temperature
had an amorphous structure. This shows that the RF-magnetron sputtering technique can
produce high quality 1GZO thin film and meet the requirements for flexible electronic

applications.

Furthermore, the mechanical durability of RF—magnetron sputtered 1GZO thin films on PEN
and PET substrates was studied by using uniaxial tensile and bending tests coupled with in
situ CLSM.

During uniaxial tensile tests, it was found that the crack initiation strain is mostly dependent
on the mechanical mismatch between the coating and substrate. Higher mechanical mismatch
between 1GZO thin film and PET substrates is measured as compared with 1IGZO on PEN
substrates. Thus, a higher COS equal to ~2.9% was observed for IGZO deposited on PEN. In
addition, a relatively high value of saturation crack density was observed for IGZO film

coated on PEN substrates.

Furthermore, buckling test results show that thin films subject to compression buckling
exhibit better bending durability than films subjected to tensile buckling. Surface defects on
thin films under the tensile mode can cause IGZO film cracking to occur at strains lower than
those in the film under compression buckling mode. Also, delamination of the thin film under

compression from the polymer substrate can reduce the rate of crack growth.
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Moreover, the value of fracture energy T', fracture toughness Kic and the film strength. oy, of
IGZO films under compressive buckling were higher than those under tensile buckling. This
is attributed to the different damage mechanism of the thin film. The mechanical failure of the
film under tensile buckling mode was found to be due the formation of channel cracks
whereas coating delamination, buckling of the film and finally channel cracking of the film

were causes of mechanical failure in compressive buckling.

The results of this study may provide a better understanding of the failure processes of IGZO
thin film on polyesters under different deformation stress modes. This in turn is expected to

aid device designers to develop the next generation of flexible optoelectronic applications.
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6. Fatigue behaviour of flexible transparent conductive
multilayers films.

6.1. Introduction

In recent times, there has been a large demand in the production of flexible electronic devices,
such as flexible solar cells, flexible circuits and flexible displays. However, the electrical
failure of this production by mechanical deformation is one of the main reliability issues
because these devices frequently work under mechanical and thermal stress caused by various
mechanical deformations. Several research groups [87,191,192] have studied the electrical
resistance changes under tensile and bending deformation. However, in addition to this tensile
and bending deformation, twisting deformation is expected as another frequent deformation of
flexible display or other flexible electronics device. Therefore, the primary objective of this
chapter is to focus on flexing behaviours of TCO thin-film coated PET substrates by using a
twisting and cyclic twisting device which was developed in this project. The influence of both
factors including twisting angle and temperature on the fatigue behaviour of thin-film

deposited on flexible PET substrates were discussed.

In the twisting test, the crack growth rate and change in electrical resistance were monitored
in situ while during twisting fatigue test only the resistance changes were measured in situ. In
this study ITO/Ag-alloy/ITO was chosen as an example on TCO thin film, as TCO is the main
component in flexible electronic devices and it determines the flexibility and reliability of the

devices.
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6.2. In situ twisting test with confocal laser scanning microscopy

investigation

Twisting tests were carried out on (200 nm) ITO/Ag-alloy/ITO films coated PET substrates
by using a manually operated custom-built twisting apparatus Figure 3-9. The electrical
resistance was monitored in situ by multi-meter and the crack development in the films was

continuously monitored with CLSM.

The images were recorded from the surface and the electrical resistance was measured every
2° angle until 68° angle. These in situ measurements will provide critical twisting angle at

which ITO/Ag-alloy/ITO film cracked and started to lose their electrical functionality.

In situ mechanical and electrical tests conducted simultaneously are highly important in
correlating crack initiation and propagation with resistance change. It also helps to avoid the
unloading-induced full or part closure of cracks in the thin film when performing subsequent

ex situ tests.

The two measurement techniques are microscopy (CTA-M) and normalized electrical
resistance (CTA-R) monitoring, both used to determine the critical twisting angle (CTA) for
coating failure initiation. CTA-M is defined as the critical twisting angle at which the first
cracks in the coating are observed, and CTA-R is defined as the critical twisting angle at
which 10% increment in electrical resistance is occurring. The 10 % increases was arbitrarily

selected as the criterion for crack onset initiation [87].

CLSM micrographs of the cracks, initiation and development on the ITO/Ag-alloy/ITO films

at different angles are shown in Figure 6-1.
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Figure 6-1 In situ confocal laser microscope imaging of cracks development ITO/Ag-alloy/ITO of
the multilayer thin film under twisting. The corresponding twisting angle values are indicated on
the images. Twisted Arrows on image (a) indicated the twisting direction. The upper panel

displays the steps of the twisting test as the angles increase.
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Cracking is observed to appear at CTA-M equal to 39° + 1.7°. The imperfections or defects
remaining after depositions in the layer coupled with edge defect resulting from the specimen

cutting are believed to be crack-initiation sites, as can be seen in

Figure 6-1. It is suggested that this observation contributes to an increase in the energy
released in the region [193]. The interface separation in the neighbourhood of an imperfection

exhibits a larger energy release rate than that for a defect-free surface [193].

By increasing the applied twisting angle, the initiated channel crack starts to increase and
propagate to the whole sample length. It was found that the channel crack is not grown
through the whole width of the film; it is arrested at a certain distance from the middle section

of the sample width, as shown in Figure 6-2.
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Figure 6-2 Cracks developments across the width of the sample under 68° of twisting angle.

This indicates that a maximum critical stress is produced over that specific region. It is clear
to see that the cracks in the thin film are not propagating further as the applied twisting angle
increase. This may be due to the substrate becoming completely plastic and not transferring
the amount of stress required for further cracks to occur [105], in a similar manner to that in

tensile tests.
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Figure 6-3 demonstrates the results of the twisting reliability test for ITO/Ag-alloy/ITO films
coated PET. It shows the crack density and the change of electrical resistance of the
conductive layer, which was expressed as AR/Ro, where AR = R — Ro, Ro is the electrical
resistance value before applying stress and R is the value after applying twisting stress. At
the early stage of applying twisting angle the normalized values of electrical resistance are
negative. This could be due to the shortening of the distance between adjacent atoms/grains
present in the thin film, which can result in the decrease of physical barriers for moving
electrons and improved mobility. These results are consistent with results reported by
Potoczny [186] for ITO film on PET when subjected to compressive stress. This implies that

during the twisting test the sample experienced compressive stress.
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Figure 6-3 Crack density and normalized electrical resistance versus twisting angle for ITO/Ag-
alloy/ITO thin film coated PET substrate.
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With further twisting, the normalised electrical resistance of ITO/Ag-alloy/ITO started to
increase. Then at 10% of the increase of the normalized electrical resistance, the CTA-R
which promotes the first cracks in the conductive layer was observed to be 39.3° + 3.5°,
Above the CTA-R the electrical resistance was increased gradually due to the increased film
crack formation [194], as the series of CLSM images show in Figure 6-1. In addition, a

finite electrical resistance was observed even at high applied twisting angle of 68°.

A potential reason for finite electrical resistance in ITO/Ag-alloy/ITO thin film, even at a
relatively high twisting angle, is that the channel cracks have not fully transversed across the
sample width, see Figure 6-2, so that the sample remains electrically conductive. Also, any
overlapping film material at the cracks after crack generation (see Figure 6-4), contributes to
the formation of some conducting paths between the ITO films, which causes finite electrical
resistance. This is consistent with a previous study conducted by Choa et al. [118] who
pointed out that the overlap of the cracked 1ZO/Ag/1Z0O film, when it was twisted contributed
to provide a conductive pathway through film fragmented and led to delay changes in the

electrical resistance.

The CTA-R value which was determined by using normalized electrical resistance was equal
to 39.3° £ 3.5° and it was in good agreement with CTA-M values determined by using the

CLSM images, as shown in Table 6.1.

Leterrier et al. [87] also found good agreement between the initial crack growths in uniaxially
strained ITO thin films measured from micrographs and the COS values which correspond to

10% increase of normalized electrical resistance.
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A deeper understanding of the relationship between crack evolution density and variation in
electrical resistance in the ITO/Ag-alloy/ITO film under twisting can be described in the

following section.

Two distinct regions could be clearly observed in the CD and AR/R, vs angle. In the first
region, as the applied twisting increases the CD increases rapidly when channel cracks in the
ITO/Ag-alloy/ITO thin film start to advance through the samples length. As a result, the
electrical resistance of the thin film increases in this region; this may suggest that the applied
twisting angle is proportional with number of cracks. However, above the crack saturation
point, this is not applicable. In the second region (see Figure 6-3), the CD reaches a saturation
point at 60°, the significant increase of the normalized electrical resistance was observed
above the crack saturation point. This is possible because at large angles the material no
longer overlaps at the some cracks and the conductive path is no longer present. The stress
produced on the ITO/Ag-alloy/ITO films after the saturation point leads previously formed
cracks to become deeper and wider and that can also be a reason for severe conduction failure
when the CD is in a saturated state. This is in good agreement with previous observations of

ITO deposited polymer substrates under uniaxial tension [3].

The thin film crack-initiation sites of ITO/Ag-alloy/ITO thin film observed in this study are
consistent with those previously reported by Sim et al. [195] for ITO thin films deposited on a
plastic substrate. This is also consistent with a study of Bejitual et al. [112] who investigated
the mechanical behaviour of patterned ITO coated PET substrates. They found that the
cohesive crack originated from the edges of the pattern where the thin the layer’s surface is
subjected to tensile buckling mode. Consequently, edge etch controlling is important and may
in turn, enhance the reliability of the patterned thin film with increasing edge resolution.

Furthermore, Lopez et al. [196] pointed out that the homogeneity of the edges has a
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significant effect on the initiation and propagation of cracks and consequent bending
reliability of flexible platinum lines patterned on polyimide. The increasing of CD of thin
films with increasing twisting angle was also observed previously by Choa et al. [118] for

InZnO/Ag/InZnO multilayer electrodes grown onto a flexible PET substrate.

The CTA-R of ITO/Ag-alloy/ITO thin film observed in this study is consistent with the
critical twisting angle of ZTO/Ag/ZTO multilayer deposited on a PET substrate which was

observed by initiating cracks at a twisting angle of 38° [117].

Table 6.1 Results of twisting test of ITO/Ag-alloy/ITO thin film deposited on PET polymer

substrate.
Sample CTA-M CTA-R
(AR/Ro= 10%)
ITO/Ag-alloy/ITO 39°+1.7° 39.3°+35°

6.2.1. Ex - situ microscopical investigation of ITO/Ag-alloy/ITO film after

twisting test.

Samples were investigated after twisting tests using ex situ SEM to reveal additional fine
details of failure mechanisms of the ITO/Ag-alloy/ITO thin film. Figure 6-4 shows SEM
micrograph of the ITO/Ag-alloy/ITO thin film coated PET after being subjected to a twisting
test at a 68°of twisting angle. In some places the ITO/Ag-alloy/ITO film was in complete

separation due to the formation of wide cracks, as shown in Figure 6-4 (a) However, in the
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other places, overlapped film and buckling delamination of the multilayer stacking ITO/Ag-
alloy/ITO thin film from the substrate are observed, as shown in Figure 6-4(b). This is in
agreement with the change in electrical resistance data observed after the cracks saturation
point. In addition, the existence of cohesive failure cracking is clearly visible in Figure 6-5.
The investigation of an individual cracking, as Figure 6-5(b) demonstrates, reveals periodic
open crack. The surface morphology of twisted ITO/Ag-alloy/ITO multilayer samples
observed in this study is consistent with the morphology of cracks and buckling delamination
investigated in the previous section (see section 5.3.3) for IGZO thin film under both tension
and compression buckling mode. This result indicates that the twisting deformation induced
tensile and compressive stress on the film simultaneously. Thus, a slight decrease in the
electrical resistance was observed at early twisting stage. This result agrees with work done
by Choa et al. [118] and Cho et al. [127] who have both previously found that twisting
damage morphology of thin film on flexible polymer substrate is similar to the surface
damage observed when the film is flexed in tension and compression buckling mode,

indicating that both compression and tensile stress can be produced by the twisting motion.
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Figure 6-4 SEM micrograph with inset image showing (a) cracks on the surface (b) overlapping
and buckling delamination of ITO/Ag alloy/ITO multilayer film at 68° applied angle under
twisting test. Black arrows indicate the cracks and white twisted arrows on image indicate
twisting direction
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Figure 6-5 SEM micrograph image with enlarged image showing the formation of periodic crack
growth of ITO/Ag-alloy/ITO multilayer film at 68° applied angle under twisting test. Twisted
Arrows on image indicated the twisting direction.
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6.3. Twisting fatigue tests

Twisting fatigue experiments of samples of 200 nm ITO/Ag-alloy/ITO film coated PET was
conducted using a Rheometer machine. In this work two sets of experiments were performed,
the first set of experiments were conducted to study the influence of various factors such as
angle, temperature and frequency on electrical resistance behaviour of the thin film under
twisting fatigue. The levels of angle (17.5°, 22.5°, 27.5°), frequency (10 cycles/min, 5

cycles/min) and temperature (RT, 50 °C, 100 °C) were selected (see section 3.2.3).

A second set of experiments was performed in order to assess whether the damage occurred
due to the cyclic twisting or due to the temperature. Without any mechanical loading applied,
the samples were subjected to the same combination of temperature for 40 minute (which is
equal to the time require to perform 200 cycles at frequency of 5 cycles/min). For both sets

of experiments, the electrical resistance was measured in situ.

6.3.1. Effect of twisting angle

The samples were tested at room temperature and a frequency of 5 cycles/min Figure 6-6
shows how the resistance changes as a function of twisting cycles for ITO/Ag-alloy/ITO film.
It is clear to see the sudden increase in electrical resistance after the first few cycles. This may
be attributed to the dimensional change of the polymer substrate [197]. In other words, the
substrate does not appear to recover fully prior to the next cycle starting, but recovers over
time. Therefore, after each cycle the gauge width of the substrate reduces up to the state of
equilibrium attained between the applied load and the gauge width recovery [197]. With

further increment of the number of applied twisting cycles, a gradual increase of normalized
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electrical resistance is observed. This is likely to be due to progressive cracking and buckling
[197], as shown in Figure 6-7. Figure 6-8 shows a comparison for three different angles. It
was found that the samples tested under applied twisting angle equal to 17.5° show extremely
slow increase in resistance followed by the sample tested under applied twisting angle equal
to the 22.5°, while the sample tested under 27.5° shows the highest increase in normalised
electrical resistance. Therefore, as the applied twisting angle increases, samples fail sooner. In
addition, electrical resistances changed during loading and unloading as shown in the inset of
Figure 6-8. This change is believed to result from the opening and re-closing of microcracks
in the film during twisting and untwisting of the sample [198]. Furthermore, resistance
modulation repeated continuously during twisting cycles as shown in Figure 6-8. The
modulations in resistance of ITO/Ag-alloy/ITO multilayer film significantly depend on the
twisting angle. The resistance modulation in the film with a higher twisting angle is higher
than those of lower twisting angles. The resistance modulations phenomenon during the
bending test was reported by Park et al. [199] for Ga-doped ZnO (GZO/Ag/GZO) multilayer
deposited on flexible substrate. They observed that modulation in resistance becomes stronger
after subjecting samples to lower bending radius. In our study, the increasing number of
microcracks and growth in width and depth with increasing twisting angle, might be a
primary cause of increased resistance modulation of ITO/Ag-alloy/ITO multilayer with

increasing twisting angle.

The results of fatigue twisting tests at different angles of the of ITO/Ag-alloy/ITO multilayer

film after 200 cycle are summarized in Table 6.2

The fatigue twisting tests were repeated at room temperature and twisting angle 27.5° at

frequency of 10 cycles/min. The electrical resistance change results for this case depicted in
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Figure 6-9. For comparision, the change of electrical resistance of samples tested at frequency
of 5 cycles/min is also presented in Figure 6-9. There is no significant difference in the
percent change of electrical resistance between the samples tested at different frequnces, for

that reason the effect of the frequency is assumed to be negligible.

AR/R, %

O T T T T 1
0 200 400 600 800 1000
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Figure 6-6 Normalized Resistance versus number of cycles for ITO/Ag-alloy/ITO multilayer
coated PET substrate.
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Figure 6-7 Confocal Laser microscopy images showing cracked ITO/Ag-alloy/ITO films after
(2)100 (b) 300 (c) 800 twisting cycles at 27.5 °.

153



17 5 angle (deg)
— 2725 angle (deg)
e 27 5 angle (deg)

17.5 angle (deg)
—22.5 angle (deg)
35 ° f ?\lumétgr of (l:jcle 2% ——27.5 angle (deg)
5
0 - T . : .
0 50 100 150 200

Number of cycles

Figure 6-8 Normalized electrical resistance as function of the number of fatigue cycles during
cyclic twisting of 1TO/Ag-alloy/ITO under different applied angles.

Table 6.2 Summary of results from fatigue twisting test under different applied angles after 200

cycles.
Sample (AR/R, %) at (AR/R; %) at (AR/R, %) at
angle 17.5° angle 22.5° angle 27.5°
ITO/Ag-alloy/ITO 9.3+2.02 12.3+0.88 28.6%2.96
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Figure 6-9 Normalized electrical resistance as function of the number of fatigue cycles during
cyclic twisting of 1TO/Ag-alloy/ITO under different applied frequncy.

6.3.1.1. Ex — situ SEM investigation of ITO/Ag-alloy/ITO film thin film after
twisting fatigue tests under different angles

Figure 6-10 and Figure 6-11 show SEM micrographs of the ITO/Ag-alloy/ITO samples after
twisting cycles at 17.5° and 22.5° applied angles respectively. The thin film did not exhibit
cracking. However, a slight increase in electrical resistance with increasing number of cycles
was noted. For example, we observe that at 200 cycles the change in electrical resistance is
9.3 £ 2.02% for 17.5° angle and 12.3 + 0.88% for 22.5° .This suggests that some microcracks
might have been generated in the film, and then elastic recovery of the polymer substrate

occurred, thus leading to the closure of the microcracks when the sample was unloaded [198].
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Figure 6-10 SEM micrographs of ITO/Ag-alloy/ITO films after 200 twisting cycles at 17.5°
applied angle.

Figure 6-11 SEM micrographs of ITO/Ag-alloy/ITO films after 200 twisting cycles at 22.5°
applied angle.
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Figure 6-12 is depicting the surface ITO/Ag-alloy/ITO samples after twisting cycles at 27.5°.
It shows a few shallow and parallel cracks to each other with finite length, which is in good
agreement with results obtained from the twisting test coupled with in situ confocal laser
scanning microscopy observations (see, Figure 6-2.). Closer observation of this image also
reveals buckling formation besides the cracks. This is consistent with electrical resistance
results, where the angle 27.5° shows higher change in film’s electrical resistance (i.e

28.6 £ 2.9% after 200 cycles) compared to angles 17.5° and 22.5°, respectively.
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Figure 6-12 SEM micrographs of ITO/Ag-alloy/ITO films after 200 twisting cycles at 27.5 °
applied angle.
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6.3.2. Effect of temperature

The influence of the temperature on the electrical resistance of ITO/Ag-alloy/ITO multilayer
film on PET substrates was investigated in this work. In Figure 6-13, the normalised electrical
resistance is plotted as a function of the number of twisting cycles at different temperatures

and a constant twisting angle of 27.5° and constant frequency of 5 cycles/min respectively.
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Figure 6-13 Normalized electrical resistance as a function of applied number of cycles during
cyclic twisting test of 1TO/Ag-alloy/ITO under different applied temperatures.

Regardless of temperature used, the electro-mechanical performance is consistent with that
observed for fatigue twisting at different angles (see section 6.3.1). After the first few cycles
the normalized electrical resistance increased significantly until equilibrium was reached.
Above a possible equilibrium point, between the applied stress and recovery of the

dimensions of the compliant substrate, a gradual linear increase of the change in resistance

159



with increasing number of cycles is noted. At 200 cycles, the change in electrical resistance
for specimens tested at room temperature is found to be the lowest, whereas for specimens
subjected to 50 °C resistance increases by about 78%, and for specimens subjected to 100 °C
by about 233%, as Table 6.3 shown. Therefore, the combined action of externally applied
torsional stress and temperature is considerable. The significant difference in the normalized
electrical resistance for the specimens tested at 50 °C and 100 °C compared with those tested
at RT could be due to the following reasons: Firstly, the internal tensile stress has a direct
effect on accelerating cracking of the thin film [200]. When the temperature increases up to
approximately 100 °C, the internal tensile stresses increase in the coating [97] due to the high
CTE of the substrate compared to the coating and also the mechanical mismatch increases
between thin film and substrate resulting from the softening of the polymer substrate.
Therefore, the thin film fractures more easily, resulting in an increment in the electrical
resistance. Secondly, once the crack has initiated under combined cycle stress and high
temperature, it is easier for the oxygen in air to penetrate into the Ag layer and react with it
thus causing the Ag layer to partially oxidize. In general, oxidation occurs at a higher rate
when the temperature is high [128]. Therefore, oxidation could be another factor, which might
cause increment in the electrical resistance, in addition to the externally applied twisting

stress.

Table 6.3 Summary of results from fatigue twisting test under different applied temperature

after 200 cycles at 27.5°.
Sample (AR/R, %) at (AR/R, %) at (AR/R, %) at
temperature RT temperature 50 °C temperature 100 °C
ITO/Ag-alloy/ITO  28.6 +2.96 78 +38.3 233 +£29.03

160



The increase of CD with temperature is shown by the confocal micrograph images Figure
6-14. One can find that CD starts to increase as temperature increases. With further increasing
temperature, the growth of cracks in the conductive layer is more pronounced and wider, see
Figure 6-14(b), Figure 6-14(c) and Figure 6-17. Thus, the increment of electrical for the

sample at 50 °C and 100 oC are greater than that at room temperature, see Figure 6-13.

In addition, ITO/Ag-alloy/ITO multilayer tests at higher temperature shows a larger
resistance modulation when it twisted and comes back to its initial position. This may be

attributed to the existence of open cracking (see Figure 6-17).
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Figure 6-14 CLSM images showing surface of ITO/Ag-alloy/ITO films after 200 twisting cycles
at (a) RT (b) 50 °C and (c) 100 °C subjecting temperature. The black arrows show cracks on the
coating.
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Similar electro-mechanical behaviour to that obtained in this work was reported for uniaxially
strained ITO film coated PET substrates by Cairns et al. [197]. They suggested that the
increase of resistance with temperature is dependent on the thermal properties of the substrate.
This result is also consistent with that conducted previously by Khalid et al. [128] who
studied the influence of temperature on the bending fatigue behaviour of copper thin film
deposited on a PET substrate. They observed that the electrical resistance changes of the
samples tested at higher temperatures (100 °C) is greater than that tested at both 0 °C and
50 °C temperature. It was believed that the failure of the Cu functional layer is oxidation
dominated. It is noteworthy, that the electrical resistance of the material was still finite even
after being subjected to temperatures of up to 100 °C. This indicates that the cracks form
locally and have not propagated through the whole length and width of the sample from one
edge to the other. As shown in confocal microscope image in Figure 6-15, the corner area at
the end of the specimen exhibits the highest value of crack density, compared to the centre,
because of the highest stress concentrated in that area. In the cases where cracks growth from
one edge of sample to the other, the conductive path was reported to be severed; this means
that the film lost its conductivities completely. This does demonstrate the property of an

insulating material, which was not observed in our flexing test.
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Figure 6-15 Confocal laser microscopy images showing crack distrbution in surface of ITO/Ag-
alloy/ITO films after 200 twisting cycles at 100 °C.

164



6.3.2.1. Ex - situ microscopical investigation of 1TO/Ag-alloy/ITO thin film after
Twisting fatigue tests under different temperatures

The surface of the ITO/Ag-alloy/ITO after twisting fatigue is not shown here for room
temperature and 27.5 ° as that result is depicted in Figure 6-12 . In the case of ITO/Ag-
alloy/ITO subjected to 50°C, a crack pattern is visible, as Figure 6-16 shows. It is clear to see
that this crack observation is very close to the electrical resistance results. The cracks were
found in the surface, but they did not go through the film thickness, this lead to a slight

increase in electrical resistance rather than a significant increase (see Figure 6-13).

Figure 6-17 shows an SEM micrographs of the ITO/Ag-alloy/ITO after 200 cycles at 100 °C.
More cracks parallel to each other are found on the sample surface. Cracks opening with
width of ~ 90 nm are clearly visible in the Figure 6-17 b which confirms the degradation of

ITO/Ag-alloy/ITO film conductivity during twisting fatigue under high ambient temperature.
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Figure 6-16 SEM images of surface of ITO/Ag-alloy/ITO films after 200 twisting cycles under
50 °C of temperature.
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Figure 6-17 SEM images of surface of ITO/Ag-alloy/ITO films after 200 twisting cycles under
100 °C of temperature.
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6.3.3. Film response characterization

The samples were subjected to the same combinations of temperature (section 6.3.2) for 40
minutes without involving cyclic twisting, in order to assess whether film damage was due to
either cyclic twisting or temperature. The electrical resistance was monitored in situ. After the
end of the exposure time, the surface morphology, crystallinity and transmittance of the films

were investigated by SEM, XRD and spectrophotometer respectively.

Figure 6-18 shows no significant change in normalized electrical resistance over time for
samples exposed to RT and 50 °C. However, at the early beginning of subjecting samples to
high temperatures (above the Ty of PET) a slight decrease in electrical resistance is observed
and then tends to stabilized after a certain period of time. This may result from
rearrangements of the atoms in the ITO [201] leading to shortening of the distance between

atoms and in a resulting increase of the electrical conductivity.
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Figure 6-18 Normalized electrical resistance of ITO/Ag-alloy/ITO as function of time at different
applied temperature.
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In order to further understand the stability of the electrical resistance, SEM was performed on
the surface of the films exposed to different temperatures. Figure 6-19 shows SEM
micrographs of the surface of three different samples after being subjected to three different
temperatures for 40 minute. The lack of any cracks initiating in the surface of all of the

samples, confirms the electrical resistance stability.

Figure 6-20 shows diffraction peaks of ITO/Ag-alloy/ITO at different temperature. All
diffraction peaks were attributed to the semi-crystalline polymer substrates (see Figure 5-4).
The film did not show any additional diffraction peaks, indicating the amorphous nature of
top and bottom ITO layers and Ag layer. In addition, there was no appreciable change

between XRD spectra of different temperature.

As previously reported ITO films up to 100-200 nm thick are amorphous and processing
temperatures above 100 °C or increasing film thickness can provide crystalline growth [202].
It was also observed by Jin et al. [203] that the microstructure of an inserted Ag layer
between ITO layers depend on its thickness. They reported that at a thickness of 10 nm no
crystalline peaks were found in XRD but above that thickness there was evidence of

developing crystallinity.
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Figure 6-19 SEM images of the surface of the ITO/Ag-alloy/ITO after exposure to different
temperatures for 40 minutes.
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Figure 6-20 XRD diffraction patterns of the ITO/Ag-alloy/ITO film exposed to different
temperatures (RT, 50 °C and 100 °C).
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Figure 6-21 shows the transmittance spectra of the ITO/Ag-alloy/ITO thin film with various
temperature exposures as a function of wavelength. The transmittance of all of the films was
approximately 75% in the visible light region. This value was lower by around 15% in
comparison to that reported by Guillen and Herrero [204] for ITO/Ag/ITO multilayer
deposited on glass substrate in the visible range. This reduction in transmittance could be due

to the different film thickness or differences in substrate material.

The band gap E, was calculated by using Tauc’s relation [205]:
(ahv)? = C(hv — E,) 6-1

where C is a constant, h is the Planck’s constant, v is the frequency of the incident light, and a

Is the absorption coefficient that was calculated from Lambert’s law [206] :

a = —In(T)/t 6-2

where T is the transmittance and t is thickness of the multilayer thin film. Then E4 can be

obtained from the intercept of (ahv)? versus photon energy hv plot [207].

Figure 6-21 inset shows a plotting of (ahv)? as a function of photon energy hv and a linear
extrapolation showing the band gap. The band gap of the ITO/Ag-alloy/ITO thin film holds at
room temperature was 3.14 eV. This value was similar for the films subjected to 50 °C and

100 °C. It shows that temperature does not have to affect the optical properties.

This leads to a conclusion that combined action of an externally applied mechanical stress and

temperature which promotes cracking should be taken into account for ensuring reliability.
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Figure 6-21 Optical transmittance spectra of ITO/Ag-alloy/ITO thin film with different
temperature exposures. The inset is the Plots of (ahv)?> versus photon energy of ITO/Ag-
alloy/ITO thin film with different temperature exposures.

6.4. Conclusions

In this chapter twisting test and twisting fatigue experiments were conducted on ITO/Ag-

alloy/ITO thin film coated PET.

In twisting tests, crack development and electrical resistance were monitored in situ. Cracks
started at angle of 39° + 1.7° and propagated towards the sample length. The crack intensity
increased with increasing applied angle, resulting in electrical resistance increases. The cracks
were observed to initiate not only from coating defects but also from edge defects. These
findings suggest that improving coating quality and sample edges can lead to preservation of

the integrity of the thin film.
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In addition, good correlation between the CTA-R value which was obtained by using
normalized electrical resistance and CTA-M values obtained by using the CLSM images was
observed. Higher CD was observed at the edge area as opposed to the centre area across the
length of the specimen due to the highest stress being concentrated in that area. SEM results
reveal cracking and buckling delamination failure which indicates that both tensile and

compressive stresses have been induced in the films by the twisting motion.

In twisting fatigue experiments, the effect of twisting angle, twisting frequency and
temperature on ITO/Ag-alloy/ITO thin film coated PET were studied. The effect of

temperature without applied mechanical stress was also investigated.

The analysis of resistance has revealed that as the number of cycles increases the normalized
resistance increases due to crack initiation and propagation. The highest crack density was
found in the corner part of clamped samples. In addition, normalized resistance change of the
samples was higher at higher applied angles. This was caused by higher stress applied which

led to more thin film cracking resulting in maximum changes in electrical resistance.

Furthermore, the percent change in electrical resistance for samples during cyclic fatigue at
temperature was higher compared to that at RT and 50 °C. It is believed that up to
temperatures of 100 °C the internal stresses are enhanced in the coating because of a thermal
expansion coefficient mismatch between the polymer substrate and thin film. Therefore, a
combination of the applied external stress with internal stresses accelerates crack initiation
and propagation and then leads to an increment in electrical resistance. Open cracking
observed during twisting fatigue at 100 °C promoted oxidation of the Ag layer and is

associated with high electrical resistance modulation.
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Moreover, CLSM image showed that no crack appeared in ITO/Ag-alloy/ITO film after
exposing to (RT, 50 °C and 100 °C) in the absence of cyclic twisting, which confirms the

results obtained from the electrical resistance measurement.
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7. Electromechanical reliability of multilayer films under
harsh environmental conditions

7.1. Introduction

ITO/Ag-alloy/ITO coated polymer film is widely used as a transparent conductive electrode
in many flexible electronic devices such as OLED, FPDs and photovoltaic solar cells.
However, during roll- roll manufacturing processes, these electronic devices are susceptible to
thermal loading combined with mechanical bending when film bends around different rolls,
which can cause thin film failure as reported by Yang et al. [208]. In addition, during
utilization of flexible electronic devices such as solar cells, they are bent around the surface
that the device is laid on and can be in service in hot and humid climates for extended periods
in the summer time such as deserts, which can lead to cracks in the conductive thin film and a
corroded Ag layer ultimately leading to degradation of the module performance. Furthermore,
the surrounding atmosphere where the flexible solar cells are sometimes used such as marine
environments are rich with chlorine. Also, photolithographic patterning processes for thin
films in the fabrication of electronic displays devices such as LCDs can be achieved by wet
chemical etching in solutions such as HCI solutions [86] using roll-to-roll etching machines
comprising incorporating etching baths [209]. The residual CI- after the etching processes

using HCL (described above) can cause degradation of functional properties.

It is well known that chlorine deteriorates Ag-based film, therefore the electrical and optical
properties of ITO/Ag-alloy/ITO film in NaCl corrosive media are investigated in this chapter.
Also the effects of bending fatigue combined with aggressive environments provided by salt

are studied.
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So far, very little research has been done on the long term bending of transparent conductive
oxide thin in various environments including temperature and humidity conditions. Therefore,
in the final section in this chapter, the bending behaviour of ITO/Ag-alloy/ITO film over time
under different temperature and humidity conditions was also investigated in this work.
Investigation of the optical and electromechanical behaviour of multilayered films of Ag-alloy
based ITO under harsh environmental condition will thus provide manufacturers important

information about long-term durability.

7.2. In situ bending test with confocal laser scanning microscopy

investigation

The controlled buckling or bending test of ITO/Ag-alloy/ITO film was conducted with the

same a Fiber Sigma 2-point bend tester machine that was used in the buckling test of IGZO (

Figure 3-7). However, to enable simultaneous measurement of the change in electrical
resistance in situ, thin polymer sheets were placed between the metal plate and the moveable
arm of the machine and polymer screws were utilized to attached them together. The samples
were clamped in place between two plates and the compression load was applied with the
crosshead speed set at 0.5 mm/min. The compression loading was stepwise so that an image
could be recorded from the surface of the ITO/Ag-alloy/ITO at each loading step during a
three-minute holding period. Also, the change in electrical resistance was measured after each
loading step. This test was performed in order to obtain the critical radius of curvature, at
which cracks stared to occur, with a consequent increase in electrical resistance. The results

from this section can provide the appropriate diameters of the mandrel and radius of curvature to
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be used in the bending fatigue and long term bending experiments. Critical onset radius of
curvature of coating failure (Cr-M) was measured by optical microscopy compared to the critical
onset radius of curvature evaluated from the electrical resistance measurements (Cr-R), using
the same 10% increment in electrical resistance criteria as in the twisting tests. Figure 7-1
displays a series of ‘snap shots’ of the surface of the ITO/Ag-alloy/ITO to demonstrate the
development of cracks in the film as the bending load increases. It is clear to see that at a
large radius of curvature (eg 8 mm, Figure 7-1 (a) ), there were no signs of cracks in the
surface. However, at Cr-M of 4.7 £ 0.1 mm cracks started to initiate from surface
imperfections similar to the ITO/Ag-alloy/ITO sample under twisting load. As the radius of
curvature decreases more cracks were observed and propagated across the width of the sample
and perpendicular to the loading direction. Below approximately 3.1 mm radius curvature
which corresponds to strain of 1.98%, no further development of cracks was detected. This is
because plastic flow locally within the substrate will result in reduction of stress transfer to

the coating segment in a similar manner to that in tensile and twisting tests.
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Figure 7-1 CLSM images of surface of I1TO/Ag-alloy/ITO on PET taken in situ at different
applied bending curvatures.
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Figure 7-2 a and b show the change in electrical resistance and CD as a function of radius of
curvature and strain of the ITO/Ag-alloy/ITO deposited PET. Initially, no increase in
electrical resistance was observed, and thus no crack was investigated at the relatively high
radii of curvature corresponding to low strains. Once the crack started to occur, the electrical
resistance begins to increase at Cr-R equal to 4.6 = 0.1 mm (corresponding to strain of 1.35 £
0.02 %) and the crack density initially increases significantly as the radius of bending
curvature decreases and then as radius of curvature approaches 3.1 mm corresponding to a

bending strain of 1.98% the crack density gradually saturates at about 62.7 mm™.

It is interesting to note that the electrical resistance of the ITO/Ag-alloy/ITO remains
conductive even after the crack spans across the whole width of the sample. It is likely that
this is because the cracks have not fully developed through the whole thickness of the
multilayer films and thus ITO/Ag-alloy/ITO thin film is not completely fragmentized. This
can be explained by the fact that the mechanical damage of the multilayer structure of
ITO/Ag-alloy/ITO starts to appear in the form of cracks in the ITO top layer while the
presence of a high ductility Ag metal layer in the composite film can possible bridge cracks
produced in the top layer, so these can still provide the conductivity required as the electrical
resistance can flow through these bridges. This is in good agreement with work of Wang et al.
[210] who reported that maintaining the electrical conductivity of composite thin film is a
result of the cracks created in the other metal layers being bridged by a discontinuous layer of
high ductility indium islands. Also, it has been reported by Lewis et al. [71] that the inserted
Ag metal layer between two layers of ITO thin film can remain electrically conductive even
after the ITO stretches beyond its failure strain (~0.8%). This can be attributed to the presence
of a ductile Ag layer with a high failure strain which is in the range of 4 to 50% strain.

However, at the saturation point and above, the film lost its conductivity completely and the
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electrical resistance exceeds the meter's range. This is due to the fully developed channel
crack which in turn causes large original cracks to open and be more visible as shown by
thicker and sharper crack lines in Figure 7-1 (e). The critical bending radius of curvature of
the cracks generated was found to be in good agreement with the critical bending radius of
curvature at which the conductivity property degrades. This is because the transport path of
the free carriers within the film is affected when the transparent conductive film begins to

crack, which results in further deterioration of the conductive properties of the film.

Lan et al. [18] investigated the static mechanical bending of ITO (200 nm) coated on PET.
They observed that the rapid increase in the electrical resistant occurs at bending radius of
curvature equal to 17mm. The work done by Shao et al. [191] on ITO coated PET substrates
also focused on the film’s bending properties and reliability at different values of tensile
bending curvature. They showed that for 200 nm thick ITO film, the critical radius of
curvature was 15.9 mm, which is almost three times higher compared with that observed for
the ITO/Ag-alloy/ITO multilayer in this study. This is due to the mechanical ductility of the

inserted Ag layer between the ITO layers.

180



Table 7.1 Summarises the results of bending tests of the ITO/Ag-alloy/ITO/PET system

Sample Critical radius COS-M Critical radius  COS-R
of curvature of curvature (AR/Ro= 10 %)
Cr-M Cr-R
(mm) (mm),

(AR/R= 10 %)

ITO/Ag alloy/ITO  4.7+0.1 1.3 +0.016 46+0.1 1.35+0.02
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Figure 7-2 Increment in electrical resistance and crack density as a function of (a) radius of
bending curvature (b) applied strain of ITO/Ag-alloy/ITO thin film coated PET substrate.
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7.3. Corrosive Degradation of ITO/Ag-alloy/ITO

In this experiment the impact of aggressive salt environments on ITO/Ag-alloy/ITO films
strips was investigated. The specimens were cleaned by distilled water and dried by
compressed air then were put into a bath of 0.3 M, 0.5 M, 1 M, 2 M, and 3 M of NaCl
solution for 16,000 seconds (4.4 hours) and 57,600 seconds (16 hours) and the electrical
resistance was monitored in situ in order to assess the reliability of the conductive films. This
is because the increment in electrical resistance can be associated with corrosion of the
ITO/Ag-alloy/ITO films when immersed in NaCl solution. After the testing time the specimen
was washed by distilled water and dried using compressed air. In order to observe the surface
morphology, CLSM and SEM were employed. Composition information on the films was
obtained from EDS. AFM has also been utilized to provide further information about surface
morphology. Lastly, the spectral transmittances of the ITO/Ag-alloy/ITO films were

examined using a spectrophotometer.

Figure 7-3 shows the normalized change in electrical resistance over time of the ITO/Ag-
alloy/ITO films immersed in different concentrations of NaCl. For the purposes of
comparison, also reported in Figure 7-3 is the normalized change in electrical resistance for
57,600 second of the as received ITO-Ag-ITO thin film. The results obtained from this
investigation demonstrated that when ITO/Ag-alloy/ITO film is exposed to NaCl, over time, a

loss of the function of the film will suffice which may be due to agglomeration of Ag.

For the 0.3 M and 0.5 M samples, the percent increase in electrical resistance is still close to
zero until around 15,000 seconds of experimental testing and then an increase in electrical
resistance is noticed. After 57,600 seconds the change in electrical resistance was 31.4% for

0.3 M and 35.2 for 0.5M, as shown in Figure 7-4. For samples immersed in 2 M NaCl, a
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higher increase in electrical resistance was shown indicating faster corrosion of the ITO/Ag-
alloy/ITO films as compared to the sample immersed in lower NaCl concentrations such as
0.3, 0.5 and 1 M NaCl. After 57,600 seconds ~60.7% resistance increase is observed (see
Figure 7-4). The electrical resistance trace of ITO/Ag-alloy/ITO when exposed to the 3 M NaCl
shows that a higher concentration of NaCl makes a ITO/Ag-alloy/ITO coating susceptible to more
rapid corrosion. After 57,600 seconds of experimental testing the change in electrical resistance
is observed to be ~149.5%, as shown in Figure 7-4. The gradient of the line continues to increase
after the test has ended, and it was then suggested that if it was left to run for longer period of
time; the ITO/Ag-alloy/ITO film would experience corrosion to the extent that it would lose all its

conductivity.
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Figure 7-3 Normalised electrical resistance versus time for ITO/Ag-alloy/ITO film in different
NaCl concentrations.
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Figure 7-4 The effect of various concentrations on normalised electrical resistance of ITO/Ag—
alloy/ITO film after 57,600 seconds.

Figure 7-5 displays the progressive morphological degradation for ITO/Ag-alloy/ITO
immersed in NaCl of various concentrations for 16,000 and 57,600 seconds. Regardless of the
amount of NaCl, ITO/Ag-alloy/ITO surfaces submerged for 57,600 seconds were observed to
be more severely corroded than those for 16,000 seconds with many circular white corrosion
spots. The sizes of corrosion spots after 57,600 seconds immersion were also larger than those
after the 16,000 seconds immersed. Although there were some small spots, the general trend
can be determined that the size of white corrosion spots increased with an increase of
submersion time for all solutions. The samples immersed in 0.3 M were degraded, showing a
number of white spots. By comparison with samples immersed in 0.5, 1, 2, 3 M these were
less degraded, although they had a number of white spots in places. Samples immersed in 3 M
were more degraded in comparison to the samples immersed in 0.3, 0.5, 1, 2 M solutions and

high number of corrosion spots was observed over almost the whole surface of the sample.
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These observations agree with results in term of the electrical resistance changes over time

obtained for all concentrations.
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Figure 7-5 Confocal scanning microscopy images of the surface of 1TO/Ag-alloy/ITO immersed
in NaCl of various concentrations for (a) 16,000 seconds and (b) 57,600 seconds.
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Previous studies have [131] considered that the chlorine ions (CI") attacked the ITO surface,
passed through the top ITO layer and reached the silver layer then the silver atoms aggregate
around the chlorine atoms and form as the white clusters. Besides that, the pre-existing
defects and scratches on the surface resulting from the deposition process and handling were
found to serve as a point to nucleate the corrosion products or (Ag agglomerations) which
appear as white areas on the CLSM image presented in Figure 7.6. Defects and scratches in
the layer are believed to facilitate the movement of chlorine ion CI™ to reach the silver layer

and enhance the agglomeration of Ag.

Apart from chlorine ion CI” penetration through permeable defects or scratches on the
coating, CI" ions could also penetrate by small cracks opening from the edges after sample
cutting, also giving a highly hazy appearance as seen in Figure 7-7. This implies that during
the cutting of specimens or fabricating of patterned electrodes in the photolithography process
care must be taken to enhance edge fidelity and to avoid edge-generated micro-cracks. This

will diminish corrosion spots at the edges.
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Figure 7-6 Confocal scanning microscopy images showing the coating defects and scratches on
the surface of ITO/Ag-alloy/ITO surface (a) before and (b) after immersion tests in 0.5 M for
57,600 seconds.

Cut edge

Figure 7-7 Confocal scanning microscopy images showing the edge defects initiated upon
cutting of ITO/Ag-alloy/ITO (a) before and (b) after immersion tests in 0.5 M for 57,600
seconds.
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Furthermore, the samples after immersion in 3M for 57600 seconds were investigated by
using the EDS technique in order to investigate the corrosion product elements in ITO/Ag-
alloy/ITO film. EDS spot scan analysis of surface failures and elemental mapping analysis as
shown in Figure 7-8 and Figure 7-9 respectively obtained the following results: (1) The
bright particles labelled A in the centre of the image, are large features that clustered in the
centre of the circular shape are Ag-rich as the Ag X-ray intensity was higher than any other
detectable elements apart from the peak belonging to Au that is used for SEM preparation of
the sample. Along the circular edge of the area labelled B there are periodic agglomerations
that are rich with Ag content as well. (2) Spectra that correspond to the area labelled B
indicate a lack of Ag element and the presence of the elements from the ITO layer. (3) In all
areas of the sample no removal of indium and tin was detectable; in other words the Sn/In
ratio of the ITO film at damage spot area (A) is ~0.044 which is almost similar to that in the
unaffected area labelled ¢ suggesting that both top and bottom ITO layers have not been
removed. Eight other damage spots from Figure 7-8 (a) have been examined and yielded
similar results to those for the damage spots depicted in Figure 7-8 (b), (c) and (d). In addition,
carbon and oxygen also appeared in the scan due to the PET substrate. An additional tiny
amount of copper (Cu), was found in Figure 7-8 (b) and (d). The presence of this tiny amount

came from the Ag alloy.

These small amounts of Cu were observed to agglomerate similar to observations in Ag, as
shown in Figure 7-8(b),(c) and (d). The Cu content in the A region is 0.93 £ 39 and is higher
than that of other regions. It is suggested that the white spot or agglomeration would not
disappear by adding Cu metallic element alone due to the chemical instability of Cu [211]. It

has been reported in [211] that an increase in thermal stability was noted when Cu with Pd
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were added to the Ag alloy layer and as result the durability of the Ag alloy thin film was

enhanced.
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(b)

Element Weight % Atomic %

Ag 33.94+4.49 19.135

Au 29.5+1.83 7.6

In 1958+ 165 9.37
C 105+2.14 46.4
o 4415+035 158
Sn 0.94+0.1 0.46
Cu 0.93+ 0.39 0.885

0.18 + 0.06 0.33

Element  Weight % Atomic %

Ag 0.6+ 0.16 0.15
Au 39.15+151 7.86
In 28+ 1.48 8.9

24.09+ 156 66.51
6.43+ 0.23 159
171+ 0.26

0.18 + 0.04

Element  Weight % Atomic %

Ag 545+ 023 215
Au 41.7+ 0.9 8.99
In 27.25+0.51 10.08
18.72+ 1.19 64.77
(o] 5+041 13.03
sSn 1.2+0.04 0.46
Cu 0.47+ 0.11 0.31

0.14 + 0.03

Figure 7-8 (2)SEM micrographs of surface of ITO/Ag-alloy/ITO immersed in 3M NaCl for
57,600 seconds (b), (c) and (d) corresponding EDS spectra obtained in signed (A), (B) and (C)
areas respectively. Inset is the table showing the percentage of each component in the film.
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10,000 X

Figure 7-9 (a) SEM micrographs showing surface of ITO/Ag-alloy/ITO films after 57,600
seconds submerged in 3M of NaCl (b) EDS mapping images of Ag.

The samples submerged in 0.3M and 3 M NaCl for 57,600 seconds were also subject to
atomic force microscopy (AFM) to characterize the corrosion spot behaviour of ITO/Ag-
alloy/ITO film. As the 3D-AFM micrographs shown in Figure 7-10 (a) demonstrate for a
sample which had been immersed in 0.3M solution, the damage area consists primarily of
circular blisters that appear to be in folds in the top ITO layer. The Ag layer was clustered and
its clustering or agglomeration was clearly seen all over the damaged area even though the
agglomeration of the Ag film is thick at the centre, and the height of the agglomeration at the
centre area is about 175 nm, as the cross—sectional AFM micrograph shows in Figure 7-10
(b). This indicates that the Ag agglomerations appear to be mobile once they are formed.
However, when a sample is exposed to 3 M solution, most of the Ag has agglomerated at the
centre point of the circle with height around 80 nm with some of it along the circumference
with height almost equal to 15 nm, as shown in Figure 7-10 (b). Furthermore, it is clear from

Figure 7-10 (b) and Figure 7-11(b) that the spot size decreases significantly with increasing
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solution concentration, as approximately 37 um and 9 um spot diameters were observed for
0.3 M and 3 M respectively. This is because the diluted solutions are not able to be sustained,
allowing growth into the spot region to continue whereas thicker solution layers remain

enough to allow only deeper attack in small spot region.
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Figure 7-10 (a) 3D AFM image (b) corresponding extracted height profile scanned across the
profile line for ITO/Ag- alloy/ITO films sample submerged in 0.3M for 57,600 seconds consisting
damage area. Red line and red arrow in (a) indicate the position of the extracted profile and x-
direction.
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Figure 7-11 (a) 3D AFM image (b) corresponding extracted height profile scanned across the
profile line for ITO/Ag-alloy/ITO films sample submerged in 3 M for 57,600 seconds consisting
damage area. Red line and red arrow in (a) indicate the position of the extracted profile and x-
direction.

Figure 7-12 plots the transmittance curves of ITO/Ag-alloy/ITO films immersed in various
concentrations of NaCl for 57,600 seconds. For comparison, the transmittance of the as
received (no salt) ITO/Ag-alloy/TO thin film is also presented in Figure 7-12. It can be seen
as a general trend that the transmittance of ITO/Ag-alloy/ITO films after being submerged in
NaCl solution was lower in comparison with that of the as-received 1TO/Ag-alloy/ITO film.
In particular, the transmittance of the ITO/Ag-alloy/ITO significantly decreased over all
wavelengths after being immersed in 3M NaCl. This is due to the existence of several

corrosion spots (Ag agglomeration) on the surface which cause surface roughening, and result
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in an increase in the scattering of incident light [67]. Similar observations have also been
reported by Sahu et al. [212] on Ag films exposed to 200 °C for 30 min. They attributed the
decrease in transmittance of Ag film to the agglomeration of silver, and consequently
enhanced scattering of light. These results are also consistent with those observed previously
by Koike et al. [213].They found that the electrical sheet resistance was significantly
increased and the transmittance was significantly decreased in the multilayer sputter coated

ITO (40 nm)/Ag (10 nm)/ITO (40 nm)/glass during a 22 h salt water immersion test.
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Figure 7-12 Measured optical transmittance of the flexible ITO/Ag-alloy/ITO films as a function
of the NaCl concentration.

7.4. Combined corrosion and fatigue degradation of ITO/Ag-alloy/ITO

To investigate the effect of repeated loading on the structural integrity of ITO/Ag-alloy/ITO

coated PET substrates under fatigue and fatigue—corrosion tests, the electrical resistance
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changes were recorded in situ. The tests were run at a frequency of 2 Hz. A frequency any
lower would take a long time to complete a higher numbers of cycles and any higher values
would not be relevant to the roll-to-roll manufacturing process and in-service conditions. The
combined fatigue—corrosion experiment was performed in 0.3 M NaCl since the time to
corrode ITO/Ag-alloy/ITO is adequate to allow meaningful observations to be made. Using
data from the bending tests; a mandrel diameter equal to 25 mm which is equivalent to a strain

of 0.5% was selected for fatigue tests.

Figure 7-13 shows the percentage increase in electrical resistance as a function of number of
cycles under fatigue and fatigue—corrosion. The mechanism of bending fatigue appears to be
similar to that observed in the twisting fatigue test, and the observed increase in electrical
resistance can be split into two distinct regions. In the first region (region 1) the increment in
the normalized electrical resistance is associated with the dimensional change of the
compliant substrate until an equilibrium size is attained [197]. In the second region (region
I1), the gradually increasing resistance is likely to be due to cracking of the ITO/Ag-alloy/ITO

film.

The mechanism of fatigue—corrosion in region | is not too dissimilar to the fatigue - only case.
However, in the region Il the high rate of electrical resistance increase was observed, as
shown in Figure 7-13. For example, at the same applied strain of 0.5% and 115,200 cycles,
the sample under fatigue—corrosion exhibited an increase of resistance of ~ 177% which is
significantly higher than that of ~ 3.4% for the sample under fatigue only. Such phenomena
may be attributed to the combined action of cracking and corrosion, since the contribution of

corrosion to increase electrical resistance is significant.
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Bejitual [214] reported that in the bending fatigue tests on a single ITO (200 nm) film coated
on a PET substrate, at 150,000 cycles the change in electrical resistance was 50% for 0.6%
strain. This means that the ITO/Ag-alloy/ITO film shows superior flexibility in compression
to a single ITO layer. This is attributed to the presence of the ductile Ag middle layer.
However, direct comparison of fatigue-corrosion (salt immersion) reliability of ITO/Ag-

alloy/ITO with single ITO film could not be made due to lack of data available in the

literature.
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Figure 7-13 Normalized electrical resistance versus number of cycle of ITO/Ag-alloy/ITO under
bending fatigue and bending fatigue-corrosion conditions.
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Figure 7-14 shows an SEM micrograph of ITO/Ag-alloy/ITO samples after fatigue. Cracking
was not observed on the surface of the samples. However, some submicron cracks were
probably formed on the ITO/Ag-alloy/ITO film that were associated with a slight increase of
electrical resistance with increasing number of cycles. Then upon un-loading the sample, the
strain recovery in the polymer results in the closure of cracks and leads them to be not visible
[52], in a similar manner to that in twisting fatigue test at low angles. Figure 7-15 presents an
SEM image of ITO/Ag-alloy/ITO samples after fatigue—corrosion. No crack was visible; this
can be due to the same reason as mentioned above in the fatigue - only case. Ag

agglomeration is clearly seen to spread inside the circular spot.

At the portion where circular-blisters existed, destruction such as wrinkles or buckling
features were observed. This is because an externally applied mechanical stress which induces
stress in thin film combined with mechanical energy (through surface tension and capillary

forces) provided by the solution can cause buckling [216].

This suggests that the presence of NaCl solution together with mechanical stress promotes
electrical failure. Therefore, the effect of mechanical strain coupled with corrosion must be

taken into account in the durability and lifetime prediction of ITO/Ag-alloy/ITO electrodes.




Figure 7-14 SEM images of the surface of the ITO/Ag-alloy/ITO film after the test of fatigue for
115,200 cycles.

Figure 7-15 SEM images with enlarged images of the surface of the ITO/Ag-alloy/ITO film after
fatigue- corrosion for 115,200 cycles.

7.5. Long term bending durability of ITO/Ag-alloy/ITO under different

temperature and humidity conditions

In these experiments, ITO/Ag-alloy/ITO films were flexed in tension mode to a certain radius
of curvature for 16 hours under different temperature and relative humidity conditions. Based
on the data that were achieved from bending tests, two levels of bending radius (6.6 and 4.3

mm) were chosen which is equivalent to strains of 0.94% and 1.44% respectively. In order to
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accelerate the failure, two levels of temperature (25, 65 °C) and humidity (25%, 80%) were
selected. The maximum value of temperature (65° C) corresponded to the maximum value

that our climatic chamber could achieve at a fixed value of humidity of 80%.

The electrical resistance was measured in situ under controlled atmospheric (temperature and
humidity) conditions. CLSM images were obtained for samples under bending loads before
and after exposure to different temperatures and relative humidity (RH) values in order to
investigate the surface morphology while SEM images and EDS were only conducted for
unloaded samples after the experiments in order to investigate the surface morphology and

any change in film composition.

For the initial set of these experiments, the effects of different temperatures and low relative
humidity (25% RH) on the electrical resistance of samples flexed to different radius of

curvature was examined.

Figure 7-16 shows the relative changes of electrical resistance under a bending curvature of
6.6 mm and held isothermally at 25% humidity. At the very beginning, samples show a sharp
decrease in change in electrical resistance and then tends to be more stable after a certain
period of time. CLSM images of the surface of bent ITO/Ag-alloy/ITO films held at 25 °C
and 65 °C did not show any sign of visible crack after the experiments, as Figure 7-17 shows.
This indicates that samples flexed to radius of 6.6 mm over time (which corresponds to a
strain of 0.94%), the surface remains undamaged upon exposure to temperature and a drop in
the normalized electrical resistance is probably because the atoms rearrange in thin film and
tend to get closer, and exposure to high temperature enhances this process and thus the change
in electrical resistance of samples held at 65 °C decreases to a slightly greater extent than for

the samples held at 25 °C.
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The effects of temperature and humidity on the electrical resistance of thin film on polymer
substrate under long term bending conditions have not been widely reported in the literature.
However, the influence of temperature and relative humidity on unloaded single layer ITO
coated PET were discussed by Hamasha [138]. They did not find any signs of cracking on the
surface of the film and no increase in normalized electrical resistance was observed at the

combination of low temperature of 20 °C and a low relative humidity of 20 %.
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Figure 7-16 Normalized electrical resistance as a function of time for ITO/ Ag-alloy /ITO at two
different temperatures and 25% of RH under 0.94% of applied strain.
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Figure 7-17 CLSM image of surface of ITO/Ag-alloy/ITO coated PET after exposed to (a) 25 °C
and (b) 65 °C at 25% of RH for 16 hour. Arrows indicate the loading direction. Applied strain is
0.94%.

Figure 7-18Figure 7-18 shows changes in electrical resistance over time for flexed specimens
with 4.3 mm curvature radius (corresponding to strain 1.43%) when held at 25 °C and 65 °C
under 25% RH. In this case under a high temperature of 65 °C and low humidity of 25% RH,
a rapid change in electrical resistance in the first 15-25 minute was observed for 65°C.
However, in both cases after a certain period of time, the electrical resistance increased
linearly over time due to the development of crack growth. This could be evidenced from
typical CLSM images of the flexed ITO/Ag-alloy/ITO film before and after being subjected to
25 °C and 65 °C at 25% RH for 16 hours, as shown in Figure 7-19. ITO/Ag-alloy/ITO films
crack more when exposure time increases at constant bending strain. The change in electrical
resistance increases at a higher rate when samples are subjected to higher temperature as

shown in Table 7.2.
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After around 15000 seconds, therate of increase in normalized electrical resistance for
samples held at 65 °C and 25% RH was 1.4 x10~¢ compared with 2x 10~7 for samples held
at a similar humidity, but a temperature of 25 °C. As the temperature increases, both the
thermal strain caused by thermal expansion of the polymer substrate and elastic mismatch
caused by softening of the polymer promoted the development of film cracking, as shown, in
a similar manner to that in twisting fatigue test at high temperature. Both cause a large

increase in electrical resistance.

Figure 7-20 further confirms this observation by showing the effect of different temperatures
on the CD of flexed ITO/Ag-alloy/ITO thin film with 1.44% strain at 16-hours exposure time.
It is observed that when exposed to 65 °C and 25% RH for 16-hours higher crack densities are

seen than if exposed to 25 °C and 25% RH.
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Figure 7-18 Normalized electrical resistance as a function of time for ITO/ Ag alloy /ITO at two
different temperatures and 25% of RH under 1.44 % of applied strain.
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(b)

Figure 7-19(a) and (b) CLSM images of surface of 1TO/Ag-alloy/ITO exposed to 25 °C and
65 °C at 25 % of RH respectively. Showing the morphological degradation as the exposure time
increased. Arrows indicate the loading direction. Applied strain is 1.44%.
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Table 7.2 The rate of increase in normalized electrical resistance of ITO/ Ag-alloy /ITO coated
PET under varied temperature conditions at 25% RH and 1.44% of strain.

Temperature(°C)  Slope after 15000 second (sec™)

25°C 2x1077

65°C 1.4x107°
45 B25°C25 %RH
40 - §65°C25 % RH
35 -
30 -

Crack density (mm? )

04 ’6,’

Figure 7-20 Graph showing crack density of ITO/ Ag alloy /ITO films versus exposure time of 25
°C, 25% RH and 65 ° C, 25% RH under 1.44% of applied strain.

In addition, oxidation of the Ag layer is well known when it is exposed to air [217]. The
treatment was carried out under an air atmosphere; the existence of cracks on the surface of

ITO/Ag-alloy/ITO make it easier for the oxygen in air to penetrate into the Ag layer and react
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with it thus causing the Ag layer to be partly oxidized. In general, oxidation occurs at a higher
rate when the temperatures is higher [128]. Therefore, oxidation could be a major factor
which might cause a rapid increase in electrical resistance in the early stages of exposure to
high temperature and low humidity. With increasing exposure time, the oxide of Ag grows
thicker, and then saturates [218] and this implies that above the saturation point, crack
development would contribute to decrease the electrical conductivity rather than oxidation of

the Ag.

The second set of experiments was designed to study the effect of temperature and high
relative humidity on the electrical resistance of ITO/Ag-alloy/ITO at two different bending
radiuses 6.6 and 4.3 mm. From Figure 7-21 it can be seen that the normalized electrical
resistance for flexed samples with 6.6 mm radius of curvature increases in a non-linear way
up to almost 4 h at 25 °C and 65 °C of temperature and 80% of humidity exposure. This is
possibly due to water reacting with more easily-accessible oxygen vacancies at the surface of
the ITO film. This is followed by a decrease in reaction rate because the oxygen in the body
of the material is less accessible, slowdown in reactivity due to less reactive (inaccessible)
oxygen vacancies in the ITO film or another mechanism of degradation is at play [219].
Further investigation is warranted. After almost 4 h, AR/R, for the samples linearly increases
with the exposure time amplifying that the degradation of electrical resistance upon exposure
changed from nonlinear to linear behaviour. Irrespective of temperature applied, it appeared
that exposing film to high moisture conditions resulted in excessive corrosion and lowered

conductivity

In general, the mechanism of moisture induced degradation of ITO/Ag-alloy/ITO is suggested
to be as follows: firstly the moisture penetrates through the permeable defects of the ITO layer

at the top of the multilayer because these defects act as fast vapour permeation pathways
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[220]. Then the moisture would be absorbed in the intermediate metal Ag layer, and it
decreased the interfacial adhesion force between silver and the top ITO layers, causing
buckling of the ITO layer and agglomeration of the Ag atoms that breaks the metal layer
continuity, and as a consequence, decreases the electrical conductivity of the ITO/Ag-
alloy/ITO films. These failure mechanisms are schematically illustrated in Figure 7-22. Table
7.3 shows the rate of increment in electrical resistance of ITO/Ag-alloy/ITO thin film bent to
6.6 mm over time at different temperatures under a high humidity of 80% RH. Exposure to
combinations of high temperature and high relative humidity causes an increase in electrical
resistance faster than exposure to low temperature and high relative humidity. This is in
agreement with CLSM images as shown in Figure 7-23, since at a combination of 65 °C
temperature and 80% relative humidity, the density of corrosion spots on the surface appears
to be higher as compared with samples exposed at a combination of 25 °C temperature and

80% relative humidity.
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Figure 7-21 Normalized electrical resistance as a function of time for ITO/ Ag alloy /ITO at two
different temperatures and 80% of RH under 0.94% of applied strain.

H,0
Coating defect

Figure 7-22 Sketch of the cross section of the ITO/ Ag alloy /ITO multilayer system showing the
penetration of (H20) moisture from the defects of top ITO layer into the Ag thin film.
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Table 7.3 The rate of increase in normalized electrical resistance of ITO/ Ag alloy /ITO coated
PET under varied temperature conditions at 80% RH and 0.94% of strain.

Temperature(°C) Slope after 15000 second (sec™?)

25° C 0.91x10°°

65°C 25x1077
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(b)

Figure 7-23 CLSM images of surface of I'TO/Ag-alloy/IT exposed to (a) 25 °C and (b) 65 °C at
80% of RH respectively. Applied strain is 0.94%. Arrows indicated the loading direction.

A closer SEM examination of the corrosion spots formed on ITO/Ag-alloy/ITO coating after

57,600 seconds at 65 °C and 80% RH as shown in Figure 7-24, could be evidence for the
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mechanism of the formation of corrosion spots (Ag agglomerations) as mentioned above, in
which the formation of Ag clusters is visible based on EDS analysis. The clusters are similar
to those observed after 57,600 seconds of NaCl immersion test (see Figure 7-8 (a)). EDS
analysis on the region labelled (A) (see Figure 7-24) indicates the highest silver concentration

(~25.4%) compared with other areas on the surface of the sample.
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Figure 7-24 SEM images of surface of 1TO/Ag-alloy/IT exposed to 65 °C at 80% of RH. Applied
strain is 0.94%. Arrows indicated the loading direction.
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Figure 7-25 shows the change in the electrical resistance of the films treated at different
temperature and 80% RH at bending radius of 4.3 mm for 16 hours. The trend of the electrical
resistance change was similar to that of the samples flexed to 6.6 mm at 25 °C, 65°C under 80
% RH. However, non-linear behaviour was not found with higher temperature exposure and a
slightly higher increase in electrical resistance was observed in comparison with that under
6.6 mm bending radius (see Figure 7-21). For example, in the case of combined high
temperature and humidity (65 °C, 80% RH), after 16 hours, the ITO/Ag-alloy/ITO thin flexed
to 6.6 mm showed ~34.4% increase in electrical resistance while that flexed to 4.3 mm
showed ~101.05% increase in electrical resistance. Two possible reasons for these
discrepancies are the following: firstly, the oxidation rate of Ag will be more if the coating
cracks than if the coating never cracks. The higher oxidation rate caused by the cracks leads to
sharp increases in electrical resistance during the first stage of the experiment at 65 °C.
Secondly cracks on the coating might accelerate the moisture or water vapour penetration that
weakens the interfacial adhesion force between the upper ITO layer and the Ag layer and this
enhances Ag atom migration and promotes Ag layer agglomeration. Moisture penetrate on
because of cracking may also cause blistering of the ITO/Ag-alloy/ITO multilayer from the
substrate and thus increase the electrical resistance, these suggestions are supported by , in
which the typical ITO/Ag-alloy/ITO film buckling is revealed and also Ag layer
agglomeration on the ITO/Ag-alloy/ITO multilayer after exposure to 65 °C and 80% RH
under 4.3 mm of radius is presented as white clusters, based on the EDS analysis. EDS
analysis of the area labelled A, B and C as shown in gave the Ag composition of ~23.25%,
~2.31% and ~5.95% respectively. The degradation rate of the electrical resistance of flexed
ITO/Ag-alloy/ITO at a bending radius of 4.3 mm under different temperatures and high

humidity 80% RH are listed in Table 7.4.
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Figure 7-25 Normalized electrical resistance as a function of time for ITO/ Ag alloy /ITO at two

different temperatures and 80% of RH under 1.44% of applied strain.

Figure 7-26 SEM image showing blistering of ITO/Ag-alloy/ITO and Ag agglomeration after
16 h of 65 °C and 80% RH exposure. White and black arrows on image indicated the loading
direction and area being investigated by EDS respectively. Applied strain is 1.44%.
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Table 7.4 The rate of increase in normalized electrical resistance of ITO/ Ag alloy /ITO coated
PET under varied temperature conditions at 80% RH and 1.44% of strain.

Temperature(°C) Slope after 15000 second (sec?)

25°C 7.4x107

65°C 9.9x107

Previous work in the literature has reported the reliability of ITO/ Ag-alloy/ITO thin film on
glass substrates rather than on polymer substrates at different environmental conditions and
also studied the environmental reliability of single pure Ag layer and single ITO layer coated
PET substrates while being under cyclic bending fatigue rather than under long term bending.
However, some analogies can be made. Across the board, whether the ITO/Ag-alloy/ITO thin
film is being subjected to bending for long time or single Ag/or ITO is loaded in a cyclic
manner: the exposure of high humidity at any temperature causes a severe degradation of the
conductive properties ITO/Ag-alloy/ITO films. This is in good agreement with studies
regarding cyclic bending fatigue stress at different temperature and humidity combinations.
Yang et al. [208] reported that during the bending fatigue test the highest increment in
electrical resistance of silver nanoparticle film on PET observed under high temperature and
high humidity combination (60 °C, 90 % RH). Pre-existing cracks were found to cause larger
cracks once initiated, owing to the combinational influences of the repeated bending stress
and humidity, and result in the greatest increase in electrical resistance. They conclude that
the reduction of defect, void, or porosity of thin film is crucial for performance of thin film
under harsh mechanical stress and environmental conditions. Furthermore, the results
obtained in this work for exposure to 65° C and 80% RH are consistent with those reported by

Chen et al. [135] that the electrical resistivity of ITO-Ag—ITO thin film was increased after
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being exposed to 49.8 °C temperature and 90% relative humidity for 144 hours due to
formation of defects on the surface resulting from corrosion of Ag. It is also similar to those
of Hee [211] who reported that severe degradation of indium zinc oxide/Ag/indium zinc oxide
in humid environment 85 °C and 85% RH in air occurred by the agglomeration of Ag atoms

and as a result the electrical resistance increased.

7.6. Conclusions

In order to determine the critical onset radius of curvature of ITO/Ag-alloy/ITO film failure,
prior to the long-term bending reliability of 1TO/Ag-alloy/ITO film and bending fatigue-
corrosion experiments, buckling experiments with in situ microscopical and electrical

resistance monitoring were conducted.

Crack onset radius values based on optical microscopy and based on an increase in electrical
resistance were observed to take place at applied radius of curvature equal to 4.7 mm
(corresponding to applied stain 1.35%). The better flexibility of ITO/Ag-alloy/ITO film in
comparison to single ITO film was attributed to the existence of the Ag layer due to a high

ductility of the Ag metal layer.

In salt immersion tests, the corrosion behaviour of ITO/Ag-alloy/ITO film coated PET
substrate in the presence of 0.3, 0.5, 1, 2 and 3M NaCl was studied by in situ electrical
measurements in order to understand its stability when in use in aggressive environments. It
was observed that the normalized electrical resistance increases as the submersion time is
increased and that was associated with observations of the surface of films over time. It was
also noted that the rapid corrosion of the ITO/Ag-alloy/ITO film coating is promoted by high

NaCl concentration. Furthermore, it is shown that the presence of defects in the deposited
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films can provide a driving force to form Ag agglomerations which, in turn, degrade the
conductivity of ITO/Ag-alloy/ITO film. This suggests that defects in the film should be

minimized to avoid excessive corrosion.

Moreover, the ITO/Ag-alloy/ITO film submerged in high salt concentration such as 1,2,3 M
exhibited high degradation of spectral transmittance. This is because an increase in chloride
concentration of solution results in a higher density of spots on the surface which causes

severe light scattering.

In the cyclic bending fatigue tests under aggressive salt environments, the increase in
normalized electrical resistance of samples under corrosion-bending fatigue test was
significantly higher than that under bending fatigue alone, which indicates that the ITO/Ag-
alloy/ITO film failure is dominated by corrosion, however the external mechanical stress is an

assisting failure mechanism.

In long term bending tests under different temperature and humidity conditions, CLSM
images showed no signs of surface changes in the specimens bent to 6.6 mm (0.94% of strain)
over time under different temperatures and low humidity. However, at an applied strain of
1.44% which is higher than crack onset strains, an increasing temperature at low humidity
enhances crack initiation and propagation as well as Ag layer oxidation which causes a large

increase in electrical resistance.

The results show that high humidity promotes ITO/Ag-alloy/ITO film failure, regardless
whether the temperature is high or low. In particular, in the case under 4.3 mm of radius
curvature at combined high temperature and high humidity, the specimen showed a high rate
of increase in normalized electrical resistance, which can be attributed to crack growth and

buckling of the film as well as Ag layer agglomeration. It could be concluded that when
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ITO/Ag-alloy/ITO is subjected to a harsh environment together with the presence of cracks on
the surface, the cracks act as a tunnel for easy permeation of moisture and oxygen. Therefore,
an external applied stress with moisture and/or harsh environments as well as moisture and/or

harsh environments alone should be avoided in both manufacturing processes and

applications.
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8. Conclusions and further work

8.1. Conclusions

The main focus of this work was on the investigation of mechanical and electro-mechanical
reliability of 1IGZO and ITO/Ag-alloy/ITO thin films that are commonly used throughout the
field of flexible optoelectronic devices. PET and PEN are the most promising substrate
candidates for flexible electronic applications, therefore, they were characterised in order to
understand the differences in performance and behaviour between PET and PEN substrates

and their impact on mechanical reliability of IGZO and other oxide films.

Better thermal properties of PEN, as compared with those of PET, indicate that PEN can
withstand higher temperatures during both device manufacturing as well as in end-use
applications. High transmittance in the visible range was observed for both substrates.
However, PET showed slightly lower surface roughness and lower Young’s modulus. A
strong dependence of the elastic modulus of this semicrystalline polymer on the biaxial

orientation of the polymer chains was observed.

The lower surface roughness of the IGZO film grown on PET emphasizes the importance of
smooth substrates for achieving lower surface roughness of the thin oxide films. The structure
of sputtered 50 nm thick 1GZO film on polymer substrates was found to be amorphous;
accordingly, the RF — magnetron sputtering technique can be chosen for applications where a

high quality amorphous structure is required.

Mechanical reliability of IGZO film on different polymer substrates was investigated using
uniaxial tensile tests. It was observed using in situ optical microscopy that 1GZO film

deposited on PEN exhibits higher crack onset values due to its lower mechanical mismatch. In
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addition, a high crack density at saturation was found for IGZO deposited on PEN substrates.
The failure pattern under uniaxial tensile stress is characterized by cohesive cracking
perpendicular to the loading direction and adhesive failure with buckling in a parallel

direction.

During buckling tests, IGZO film under compression buckling showed better bending
durability than under tensile buckling. Higher critical radius of curvature values (6.4 mm)
were observed for thin films under tensile buckling compared with those under compression
buckling. This suggests that surface defects on the films induce crack initiation when the film
is under tensile buckling. Also, the results showed that the difference in saturation crack
density, fracture energy, fracture toughness and film strength between the 1GZO film under
tensile and compression buckling were due to the different fracture mechanisms. Channel
cracks were the major failure mode when the film was in a tensile buckling mode while when
the coating was under compressive buckling a delamination-buckling-cracking was the failure

mode.

In twisting tests, the onset of cracking was observed at a twisting angle equal to 39° + 1.7°.
Both coating defects and edge defect were believed to promote crack initiation. Results
suggest that improving coating quality and sample edges is effective in improving the twisting
reliability of thin film. In addition, critical twisting angle values based on CLSM images were
in good agreement with those calculated based on an normalized electrical resistance. Also,
twisting damage morphology of thin films indicated that both tensile and compressive stresses

can be induced in the film when it is subjected to twisting stress.

In twisting fatigue experiments, the normalized electrical resistance was found to be higher at

higher applied angles and higher number of cycles and that is associated with high crack
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density. Also, it was observed that the increase in applied temperature led to a higher

percentage change in electrical resistance.

In controlled buckling experiments, ITO/Ag-alloy/ITO film demonstrated excellent flexibility
in comparison with single ITO film as the ITO/Ag-alloy/ITO film can tolerate a 4.7 mm
bending radius without cracking and or losing its functionality. This indicates that ITO/Ag-
alloy/ITO is a strong candidate to substitute for ITO anodes for high performance in flexible

electronic devices.

The corrosion studies of ITO/Ag-alloy/ITO showed that the presence of aggressive salt
environments increased the electrical resistance of such films over time. Increased NaCl
concentration caused a more rapid degradation of the ITO/Ag-alloy/ITO surface and of
transmittance. Furthermore, it was observed that the chlorine ion penetrated primarily through
coating defects and /or edge defects, which can provide a driving force for Ag agglomerations
and thus degrade the conductivity of ITO/Ag-alloy/ITO film. This finding suggests that
reduction of defects will be critical for improving the corrosion resistance of such structures.
The combined action of corrosive environmental NaCl and repeated bending stress was found
to lower the performance of ITO/Ag-alloy/ITO film considerably. This indicated that the
combined effect of corrosion and fatigue must be taken into account for electrodes that might

experience both during manufacture and in service conditions.

In long term bending tests, the results showed that the conditions of high temperature and low
humidity at low bending radius cause a large increase in electrical resistance due to the
enhancement of crack initiation and propagation. However, high humidity was found to
promote ITO/Ag-alloy/ITO film failure regardless of the bending radius and temperature

applied.
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8.2. Overall conclusions

It is believed that this work provides fundamental background knowledge for understanding
the mechanical and electro-mechanical properties of flexible optoelectronics components
under under different mechanical and environmental loads. It was found that the crack
initiation strain is mostly dependent on the elastic mismatch between the brittle coating and
polymer substrate. This work showed that the twisting reliability and corrosion resistnace of
ITO/Ag-alloy/ITO coated PET substrates can be improved by a improving coating quality and
sample edges. Also, higher change in electrical resistance for specimens subjected to bending
fatigue—corrosion was observed as compared with the ones under bending fatigue alone.
These findings underline the importance of the combined action of bending fatigue and
corrosion. In this study ITO/Ag-alloy/ITO film showed higher flexibility in comparison with
single ITO film. ITO/Ag-alloy/ITO films should be ideal candidates for flexible devices with
a moderate degree of bending. Understanding the bending behaviour of multilayers under
various environmental condition can lead to increasing long term reliability of flexible

devices.

8.3. Further work

In this dissertation, a number of mechanical tests were developed to investigate the properties
of brittle thin oxide films on polymer substrates. However, the following work is
recommended for further study and in understanding the reliability of such material for other

flexible electronic applications such as solar cells.
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Sputtering IGZO on different polymer thicknesses should be attempted in order to investigate
its impact on the mechanical properties of the coating. As has been reported recently by Hsu
et al. [125] increasing the PET thickness causes the number of microcracks of 1TO coating to

increase under both tensile and compressive bending stress.

In addition, as well as further work on sputtering of 1IGZO on polymer substrates it will be
interesting to sputter IGZO film on pre-strained polymer substrates. Polymer substrates can be
elongated or bent to produce various strains before coating by using the apparatus which was
used in this study for the long term bending tests Figure 3-13. The parallel plates designed to
hold the specimen under strain could be installed in the RF magnetron sputtering chamber.
Once deposition is achieved, the mechanical, electrical, optical and structural properties of

IGZO film could be examined to investigate the effect of pre-loading the substrate.

In order to support the twisting and bending experiment, a finite element model could be
developed to simulate the stress on the structure and to predict the stress distribution across
the coating as the structure is subjected to different radius of curvature and angles. With
regards to the twisting fatigue test it would be interesting to find the effects of sample width
and ITO coating thickness on crack development and electrical properties of the ITO/Ag-
alloy/ITO. The effect of the continuous heat on ITO/Ag-alloy/ITO has been investigated in
this work. However, in real applications, heat fluctuations between day and night to which
flexible devices (in particularly solar cells) may be subject, could damage and crack ITO/Ag-
alloy/ITO films. Therefore, the influence of fluctuating temperatures on the conductivity,
material constituents and surface morphology of ITO/Ag-alloy/ITO and other films could be

investigated.
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In the bending behaviour of ITO/Ag-alloy/ITO film over time under different temperature and

humidity conditions, the effects on the polymer substrates could also be considered.

In this study during various experiments including buckling, twisting, corrosion (aggressive
salt), etc, the impact of coating defects and edge effect on the electro mechanical reliability of
thin films was observed. Since the IGZO and ITO/Ag-alloy/ITO that were used in this study
were coated on polymer by magnetron sputtering, it may be worth to deposit such thin film by
other techniques such as pulsed laser deposition to improve coating quality. The comparison
of electro-mechanical performance of sputtered and pulsed laser deposited film on polymer

substrate should be a good contribution.

Also, in order to better understand edge effects, ITO/Ag-alloy/ITO can be patterned by
photolithography. Then the electro-mechanical and corrosion test can be performed under
different conditions of stresses and compared with unpatterned ITO/Ag-alloy/ITO. The
stability of the patterned film could be also studied in term of transmittance after being

subjected to environments rich with NaCl concentration.

Furthermore, structure optimization and material improvement is a good opportunity to
improve the product qualities. Therefore, it will be interesting to optimise multilayered films
of Ag based aluminum doped zinc oxide (AZO)/polymer in terms of high transmittance and
electrical conductivity. AZO film is a viable alternative to ITO electrodes because it
inexpensive and abundant material. All techniques and equipment used in this study can be
used to investigate the influence of various factors such as twisting angle, fatigue loading,
bending strain, NaCl concentration, temperature and humidity on electrical performance of
AZO/AQ/AZO film and then to compare their performance with ITO/Ag-alloy/ITO and ITO.

Moreover, carbon nanotube films have been reported [221] as promising to replace TCOs due
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to their mechanical robustness. Therefore, it would be valuable to see the electrical resistance

response under a variety of mechanical deformation.
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Abstract

Amorphous indium-gallium-zinc-oxide (a-1GZO) thin films were deposited using RF
magnetron sputtering on polyethylene naphthalate (PEN) and polyethylene terephthalate
(PET) flexible substrates and their mechanical flexibility investigated using uniaxial tensile
and buckling tests coupled with in situ optical microscopy. The uniaxial fragmentation test
demonstrated that the crack onset strain of the IGZO/PEN was ~2.9%, which is slightly
higher than that of IGZO/PET. Also, uniaxial tensile crack density analysis suggests that the
saturated crack spacing of the film is strongly dependent on the mechanical properties of the
underlying polymer substrate. Buckling test results suggest that the crack onset strain (equal
to ~ 1.2%, of the 1GZO/polymer samples flexed in compression to ~ 5.7 mm concave radius
of curvature) is higher than that of the samples flexed with the film being in tension (convex
bending) regardless whether the substrate is PEN or PET. The saturated crack density of a-
IGZO film under the compression buckling mode is smaller than that of the film under the
tensile buckling mode. This could be attributed to the fact that the tensile stress encouraged
this crack formation originating from surface defects in the coating. It could also be due to the
buckling delamination of the thin coating from the substrate at a lower strain than that at
which a crack initiates during flexing in compression. These results provide useful
information on the mechanical reliability of a-1GZO films for the development of flexible

electronics.

Keywords: Polymer substrates, 1IGZO, PEN, PET, flexible optoelectronic devices, mechanical properties
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1. Introduction

Electronic devices fabricated on flexible plastic substrates are expected to find a variety of
new applications due to their attractive advantages, such as being mechanically robust, light
weight and potentially having simple roll-to-roll-based fabrication and mass production [1,2].
Transparent oxide semiconductors, such as zinc oxide (ZnO), gallium-doped zinc oxide
(GZO), indium tin oxide (ITO), zinc tin oxide (ZTO), and indium gallium zinc oxide (IGZO)
have attracted many researchers with their large potential in flexible optoelectronic
applications, such as transparent electrodes in solar cells, rollable displays, and channel layers
in transparent thin film transistors TTFTs [1,3], because of the capability of large-area,
uniform deposition at low temperatures [4]. In particular, IGZO has drawn considerable
attention as an extremely promising alternative to hydrogenated amorphous silicon (a-Si:H)
for thin-film transistors (TFTs) due to its high electron mobility, processing compatibility
with plastic substrates, good-uniformity and high transparency in the visible wavelength

region (400 - 700 nm) [4,5]

Polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) have been widely used
as the base substrates in the fabrication of flexible optoelectronic devices. This is due to their
satisfactory optical transmittance, mechanical flexibility, light weight, transparency, low cost
and ability to be manufactured through roll-to-roll processing. However, due to the low
melting point of the polymers, transparent oxides must be fabricated on polymer substrates at
a lower deposition temperature. The RF magnetron sputtering technique is one of the most
commonly used methods to deposit a-1GZO thin films on flexible substrates at room
temperature [6]. Many research groups have reported using radio frequency (r.f.) sputtering to

fabricate a-1GZO layers for use in thin film transistors (TFTs) on flexible substrates [6].
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However, transparent conducting oxide films are brittle by nature, and susceptible to cracking
and/or buckling delamination under externally applied mechanical deformation, which
significantly limits the flexibility of the devices [7]. Consequently, failure behaviour of the
films under various loading modes such as stretching, bending, or twisting becomes a critical
issue during both manufacturing processes and in service conditions [8]. Hence, this gives rise
to the motivation for predicting the onset of failure such as critical strain and critical radius of

curvature to provide this information to optoelectronic device designers.

Uniaxial tensile and buckling tests, coupled with in situ optical microscopy are commonly
used to determine the failure strains of thin coatings adhering to a compliant substrate, where
cracks first initiate, as well as any subsequent buckling and delamination that may occur [9].
For example, the mechanical behaviour of ZnO coated polymer substrates was investigated
under compression tests by Sierros et al. and the critical onset strain for cracking was found to
be approximately 2% [10]. Chen et al. [11] reported buckling experiments carried out on ITO,
reporting that the crack onset strain (COS) of the film under tension at 1.1% was less than its
value under compression. In addition, Ni et al. [12] investigated the fracture properties of
AZO-coated on PET substrates under simple-support bending conditions. It was reported that
the coating damage, under tensile strain, is caused by the creation of channel cracks, while
under compression the film specimen may first delaminate from the polymer substrate and
then buckle before the initiation of a crack. They explained that in tension, on the outer
surface, the stored elastic energy went solely into crack formation; however, in compression
the elastic energy was distributed between crack formation and delamination, so the crack

density is usually lower for bend-testing on the compression side.
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However, relatively little research to date has been reported about the mechanical behaviour
of a-1GZO coated on polymers. Cherenack et al. [2] Investigated the performance of
amorphous thin film transistors (a-IGZO) under mechanical bending. It was pointed out that
the films can be flexed down to 10 mm radius of bending curvature and, still, can remain
functional. Also Munzenrieder [13] investigated the behaviour of a-1GZO TFTs on flexible
substrates under tensile and compressive stress conditions. It was found that the mechanical
stress has considerable impact on the TFT mobility and threshold voltage. Gleskova et al.
[14], demonstrated that the amorphous silicon TFTs fabricated on polyimide foil can be
strained more in compression than in tension. No mechanical failure was noted in
compression for strains smaller than 2%, while in tension, mechanical failure was found at a
strain of 0.5%. They also pointed out that the failure mode was the formation of periodic
cracks perpendicular to the straining direction. Such cracks interrupt the current path if the

source-drain current path and the strain direction are parallel.

In this work, we report on the mechanical flexibility of a-IGZO thin film grown on PET and
PEN substrates via RF magnetron sputtering at room temperature for use in flexible
optoelectronics. We utilize two different polyesters in an effort to elucidate the effect(s) of the
underlying substrate on the resulting mechanical performance of the sputtered films since the
applied stresses are transferred from the substrate to the coating through the interface. We
examined the mechanical integrity of a-IGZO by using uniaxial tensile fragmentation and
buckling tests coupled with in situ optical microscopy to further understand the failure
mechanism under different mechanical deformation modes. Although the performance of the
coated substrates will be modified once they are in a complete device, with potentially several
other layers above or below, an understanding of the mechanical properties of the

IGZO/polymer layers remains of fundamental importance.
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2. Experimental Procedure

The polymer substrates used were two semi-crystalline polyesters, 0.125 mm thick
polyethylene terephthalate (PET Melinex ST 504) and 0.125 mm thick polyethylene
naphthalate (PEN Teonex Q65FA). Samples of both were supplied in the form of A4 sheet
(DuPont Teijin Films, UK). Thermal and mechanical properties of both substrates were
measured by using differential scanning calorimetry and uniaxial tension (Instron 4410)
respectively. a-1GZO film of thickness ~50nm was deposited on to polymer substrates using
RF magnetron sputtering from a In203:Ga>03:Zn0 (1:1:1) target (99.99% purity), the samples
having a dog-bone shape (50 mm length , with 18 mm gauge length and 4 mm gauge width).
The substrates were cut from sheets using a Moore Hydraulic Press. Prior to introduction
inside the sputtering chamber, the polymer substrates were ultrasonically cleaned in acetone,
ethanol, and then in deionized water for 5 min each. Deposition was performed (without
heating the substrate) in an argon atmosphere and without an oxygen feed. A 4-inch diameter
ceramic target, 20 cm from the substrate, was used under a base pressure of 5.1x10° Pa;
constant RF power of 55 W; deposition pressure of 0.5 Pa; power density of 0.7 W/cm?; Ar
flow rate of 50 sccm (sccm denotes standard cubic centimeter per minute at STP conditions)
and deposition rate of ~3.3 nm/min. In order to remove contaminant on the surface of the
target, the a-1GZO target was pre-sputtered for 5 min before the deposition of the film. The
optical transmittance of the films was measured in the visible range from 400 to 800 nm using
a Jenway 6310 spectrophotometer. Moreover, X-ray diffraction was used to examine the
structural properties of the a-1GZO films. The IGZO deposition conditions were previously
optimised to produce thin film transistors with a high mobility, low threshold voltage and

large switching ratio. Examples of TFT characteristics have been reported previously in [15].
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The mechanical flexibility of the a-1GZO films deposited on the polymer substrate was
evaluated by uniaxial tensile and buckling tests. The uniaxial fragmentation test was
performed using a Miniature Materials testing machine. The test was coupled with in situ
optical microscopy; images were taken every 3 seconds during the test in order to monitor the
critical onset strain and development of the cracking of thin film as the applied tensile strain
increases. Equipment originally designed to determine the critical failure strain of optical
fibres was slightly modified to test the a-1GZO/polymer samples. Fig. 1 shows the
experimental set-up used in this case. The sample is clamped between the two parallel plates,
where one plate is movable, while the other plate is fixed. The distance between the two
parallel plates was measured using a side-view digital imaging system and image analysis
software (Image J). Crack initiation and propagation were carefully monitored by using
confocal microscopy. In situ optical observation was used as a simple and effective way to
determine the crack-initiation strain of thin film, particularly as the film is non electrically
conductive [16]. The values of the resulting strain from buckling were calculated using the

following equation [17].

hs
2R

Where R is the radius of curvature and h is substrate thickness.

Scanning electron microscopy (SEM) was performed to investigate the microstructure of the
IGZO coatings and to characterize the cracking morphology of the a-IGZO films after testing.
(The specimens were coated with a 5 nm thick Au layer before SEM investigation in order to

increase their conductivity).
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Atomic Force Microscopy (AFM) was employed in order to examine the coating
fragmentation as a result of uniaxial straining. The atomic force microscope (JPK
Instruments, UK) was operated in contact-mode conditions. Si cantilevers with a spring

constant of 0.3 N/m were used with an operating frequency of 330 Hz.

3. Results and discussion
3.1 Characterisation of polymer substrate and 1GZO thin film

Table 1 shows that the glass transition temperature and Young's modulus of PEN are slightly
higher than those of PET due to the substitution of the phenyl ring of PET by the naphthalene
double ring of PEN [18]. This indicates that the first Dundur's parameter o for PEN (~0.96)
will be slightly lower than that of PET (~0.97) as determined according to Eq (2), indicating
also a lower mismatch in mechanical properties of the oxide coating on a PEN substrate

compared with a PET substrate.

Ef+ E
a=L— 2
Ef —E;

where E is the Young’s modulus, the subscripts f and s stand for the film and the substrate,

respectively. Ef is taken as 200 GPa using the rule of mixtures [19] based on separate

measurements of the substrate and composite film modulus.

It is observed that both films exhibit high transparency equal to ~82% in the visible region.
Fig. 2 illustrates the XRD patterns for IGZO/PEN and PEN substrate. Strong diffraction peaks

in the range of 24 to 29 degrees were observed for both IGZO/PEN and PEN substrates and
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corresponds to the semi-crystalline polymer substrate. The lack of any other peaks confirms

the amorphous nature of the 1IGZO.

Inset Fig. 2 shows AFM pictures of 1IGZO thin films deposited on polymer substrate. The root
mean square (RMS) roughness of the films was approximately 1.12 nm, the surface appearing
smooth and featureless, which contributes to the high electrical performance of the proposed
device [20], since surface defects are primary candidates for inducing cracks in the film under

application of external stresses [21].

3.2 Uniaxial fragmentation test

Uniaxial fragmentation tests were performed in order to investigate the critical onset strain
(COS) at which the IGZO-coated PET and PEN started to crack. Fig. 3 (a) and (b) show a
series of representative optical microscopy images of crack progression for the IGZO coating
on PEN and PET substrates, respectively. These were optically monitored in situ during the
tensile tests. The cracks can channel across the film and may arrest at the film-substrate
interface. The channel crack initiation and evolution processes in the IGZO/PEN films are
quite similar to those in the IGZO/PET samples. Upon loading, the initial channel cracks
begin to initiate from microscopic defects such as pinholes in the coating and surface defects
on the underlying polymer substrates. The cracks then grow to span the whole sample width
direction, and are propagating perpendicular to the loading direction. However, the
IGZO/PEN sample exhibits a higher crack onset strain (COS) of ~ 2.9% than that IGZO/PET
at ~ 2.4%. Such a slight difference in critical strain for the IGZO layer deposited on the two

types of substrates may be due to the lower mechanical mismatch between the (IGZO) coating
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and the PEN. Cracks grew into the thickness of the film, as can be seen in the cross-sectional

view of a channel crack in Fig. 4 (b).

As the strain level increases, at almost ~6.8% and ~5.4% strain of 1IGZO coated PEN and PET
respectively, an adhesion-related failure appears in the form of buckling of the IGZO film.
Cracks on the buckle top were not visible during in situ optical microscopy observations
indicating closed buckle delamination. However, SEM analysis confirm that there are cracks
present on the top of the buckle, parallel to the applied tensile strain, and these secondary
crack indicating open buckling zones, as Fig. 5(a) and (b) show. The secondary cracks and
buckling of the film appear to be due to the lateral contraction mismatch between the substrate
and thin film [22,23]. It is important to note that the IGZO/PEN samples have fractured at the
edges of the debonded zone while for the IGZO/PET delamination is continuous except for
the cracks on the buckle-top, as double sided arrows indicate in Fig. 5 (a) and (b). Also, a
slightly higher adhesion level in IGZO/PEN systems is expected compared with 1GZO/ PET

due to the large buckling width of IGZO/PET sample, as shown in Fig. 5(b).

The cracks and buckling morphology of IGZO observed in this work are consistent with a
study conducted by Frank et al. [24] who pointed out that the load introduced into a thin
tantalum coating on a polyimide substrate during uniaxial tensile strain causes the formation
of parallel cracks and at later stages lead to film buckling. The IGZO cracking was
quantitatively characterized under tensile strain, in terms of crack density, defined as the

number of channel cracks per unit length in the straining direction.

Fig. 6 shows the evolution of the coating crack density as a function of the applied strain for
both IGZO/PEN and IGZO /PET samples. It is observed that there is a significant increase in

crack density as the applied strain increases. However, with further increases in strain, the
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crack density gradually saturates at certain value, above which no new cracks can form.
Furthermore, it was found that the IGZO/PEN samples exhibit a higher value of saturated
crack density compared with the IGZO/PET specimens. The quantitative measurements of the
progression of crack density at saturation state indicate that the IGZO on a highly stiff
polymer substrate develops more cracks to relax the applied tensile stress. On the other hand,
if a less stiff polymer substrate is used the stress concentration can influence the debonding
formation between the polymer substrate and IGZO, hence the stress is absorbed by the
polymer substrate in the debonded zone. Similar observations have been demonstrated
previously by Tsubone [25] for diamond-like carbon films coated on polymer substrates. The
above results suggest that the crack initiation and the density of channel cracks are highly
related to the Young's modulus of the polymer substrates. In general, the high mechanical
reliability of a-1GZO film coated on polymer substrate is attributed to the following possible
reason. There are many grains with preferred orientation in the thin film when it exhibits a
polycrystalline structure, therefore is very prone to cracking due to intergranular defects in the
grains under an external force [26]. However, an amorphous IGZO film delays crack initiation

due to the absence of grain boundaries.

3.3 Buckling test analysis

The buckling test was used to evaluate the mechanical failure behaviour of a-IGZO films on
PET substrates under both compression and tension buckling conditions. Fig.7 and Fig. 8
illustrate the development of 1GZO film cracking under tension and compression buckling
modes respectively. Channel cracks in IGZO/PET are observed when samples are flexed in

tension down to 6.4 mm and flexed in compression down to 5.7 mm radius of curvature,
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which correspond to strains of ~ 0.9 and 1.1%, respectively. Regardless of the type of
deformation mode, it is noted that the number of cracks increased dramatically with an
increase in applied strain. The cracks were initiated from surface defects for specimens under
tension mode and then develop perpendicular to the direction of bending, which are

comparable with the results obtained from uniaxial tensile experiments.

Based on the optical images, a comparison of crack density of IGZO/PET under tension and
compression modes is determined and presented in Fig. 9 It is observed that the saturated
crack density of the film in the tension buckling mode was significantly higher than that of the
film in the compression buckling mode and the discrepancy is observed to be around 58 mm'.
The first reason for this might be because of surface defects such as pinholes and
imperfections in the film and/or in the substrate [27]. These are also detectable in optical
images of crack development of IGZO/PET sample as shown in Fig. 7(a). It illustrates crack
initiation from pre-existing defects in the IGZO film under tension, which contributes to the
formation of cracks in IGZO film earlier as compared with that under compression mode.
Thus, it is believed that applying stresses to a specimen under compression buckling leads to
closed rather than open microcracks, as also suggested by Potoczny [28]. The second reason
for the discrepancy in the saturated crack density between the film under tensile and
compression buckling mode is attributed to the various failure mechanisms as can be seen in
Fig. 7 and Fig. 8. In particular, the cracks in 1GZO film under tensile bending mode are
straighter and parallel to each other while zigzag shaped cracks are observed for the 1GZO
film under the compression-bending mode. This is also confirmed by SEM images of
cracking morphologies of 1IGZO film shown in Fig. 10. Fig. 10 (a) shows the IGZO/PET film

after the specimen is bent in tensile bending mode to a radius of 2.7mm, which is equivalent
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to a strain of 2.3%. It is observed that the IGZO film is fractured completely due to formation
of channel cracks. However, coating delamination and channel cracking are observed when
the specimen is bent in the compression buckling mode with the same radius of 2.7 mm, as
shown in Fig. 10(b). This can be due to the contraction of the polymer substrate induced by
applying stress in the compressive mode. The present findings are consistent with those found
by Lu et al. [29] who found ITO film failures are caused by channel cracks when the sample
is under tensile strain bending conditions while under compressive strain conditions the film
experiences buckling delamination and cracking. The results from these experiments indicate
that the film subject to tension buckling mode is more apt to fail than the film under

compression buckling mode (see Section 1 and [13].)

4. Conclusions

In summary, the mechanical durability of RF—magnetron sputtered a-IGZO thin films on PEN
and PET substrates was studied by using uniaxial tensile and bending tests coupled with in
situ optical microscopy. During uniaxial tensile tests, it was found that the crack initiation
strain is mostly dependent on the mechanical mismatch between the coating and substrate.
High COS was observed for IGZO deposited on PEN. In addition, a relatively high value of
saturation crack density was observed for IGZO film coated on PEN substrates. Furthermore,
bending test results show that thin films subject to the compression buckling mode exhibit
better bending durability than the films subjected to tensile buckling mode. Surface defects
on thin films under the tensile mode can cause the a-1GZO film cracking to occur at strains
less than those of the film under the compression buckling mode. Also, delamination of the

thin film under compression from the polymer substrate can reduce the rate of crack growth.
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The results of this study may provide a better understanding of the failure processes of IGZO
thin films on polyesters under different deformation stress modes. This in turn is expected to

aid device designers to develop the next generation of flexible optoelectronic applications.
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Table captions

Table 1Thermal and mechanical properties of PET and PEN.

Figure Captions

Fig. 1 The bending test set-up used in this study.

Fig. 2. XRD patterns of the bare PEN substrate and 1GZO films deposited on PEN at room temperature. Inset

shows AFM images of IGZO on PEN substrate.

Fig. 3 Progressive cracking in the 1GZO (50 nm) coating on PEN Substrate (a) and on PET substrate (b) at

different applied tensile strains. The arrows show failure initiation on the coating.

Fig. 4 (a)3D - AFM image of channel crack path of (50 nm) IGZO/PEN sample, white arrows show straining

direction; (b) Cross section view of the channelling crack of (50nm) IGZO/PEN.

Fig. 5 FIB-SEM image of buckling delamination of 1GZO (50 nm) film deposited on PEN substrate (a) and on

PET substrate (b). Note that black arrows indicate loading direction for 13% applied strain in both cases.
Fig. 6 density vs applied strain for IGZO (50 nm) coating on PET and PEN substrates.

Fig. 7 Sequence of optical micrograph images of cracks morphology in a-IGZO films coated PET under (a-d)
tensile buckling mode at different strain bending curvature. The white arrow at 0.9% strain indicates a crack

initiation.

Fig. 8 Sequence of optical micrograph images of cracks morphology in a-1GZO films coated PET under (a-d)

compressive buckling mode at different strain bending curvature.

Fig. 9 Plot of crack density of a-1GZO thin film coated PET as a function of applied tensile and compression

buckling strain.

Fig. 10 SEM micrograph showing crack morphology of a-1GZO after flexed down to 2.7 mm radius of

curvature in (a) tensile (b) compression buckling condition.

257



Table 5

Property PET Melinex PEN Teonex
ST 505 Q65 FA
Glass transition temperature, Tg (°C) 78 119
Melting point, Tm (°C) 257 263
3 3.5

Young's modulus, E (GPa)

Fig. 1

258

Sample




Fig. 2

23 28 33 38 43 48
20 (Degree)

259



Fig. 3
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Fig. 4
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Fig.5

Fig.6

¢ IGZO/PET Melinex ST 504
140 | gICZO/PEN Teonex Q65 FA

120 - * . _iii

P

Crack density (mm!
e 8

40
.’,'

20 -

]

)
o L 1 ] 1 1

0 s .10 15 20
Strain %

262



Fig.7
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Fig. 8

Fig. 9
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Fig. 10

(b)

10pm
X 750

265



2. Submitted to Thin Solid Films

11.

D. W. Mohammed, R. B. Ameen, K. A. Sierros, J. Bowen and S. N. Kukureka.
Twisting and twisting fatigue of ITO/Ag/ITO multilayer films on PET substrates
used in flexible electronic applications.

Appendix B — Conferences

Dilveen W. Mohammed, Rob Waddingham, Andrew J. Flewitt, Stephen N. Kukureka:
Mechanical properties of a-1IGZO thin films on compliant substrates for flexible optoelectronic
devices. Poster presented at 10" International Thin—Film Transistor Conference. On January

23-24™, 2014 in Delft University, Netherland.

Dilveen W. Mohammed, Konstantinos A. Sierros, Stephen N. Kukureka: Electromechanical
Properties of ZnO:Al Thin Films on Polymer Substrates for Optoelectronics Applications.
Oral presentation at The International Conference on Metallurgical Coatings and Thin Films
or ICMCTF. On April 28-May 2, 2014 at the Town and Country Hotel in San Diego,

California, USA.

Dilveen W. Mohammed, James Bowen, Stephen N. Kukureka: Electromechanical reliability
of ITO/Ag/ITO multilayer coated pet substrate for optoelectronic application. Oral
presentation at International Conference on Advanced Materials Science and Technology

(ICAMST), on April, 13-14™ 2015 in Venice, Italy.

Dilveen W. Mohammed, Konstantinos A. Sierros, James Bowen, Stephen N. Kukureka: The
effects of corrosion, fatigue and fatigue corrosion on ITO/Ag/ITO-coated polymer substrates
used in solar cell applications. Poster presented at 2" Asian-European Symposium on Organic

Optoelectronics. October 27-29™, 2015 Edinburgh, UK.

266





