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Abstract

The overall goal of this thesis was to be able to answer the simple question as to how the performance
parameters of a flexible OPV changes as it experiences 3-point mechanical bending tests. An inverted
OPV with the structure of (PET/ITO/ZnO/ITIC:PBDP-T/MoOx/Ag) was chosen for this study. Three
different bending radiuses were tested, 2.7 cm, 5 cm and 10 cm, and the devices were tested under
illumination after 10, 50 and 100 bending cycles. From there, it was noted that bending radiuses of 5
cm and 2.7 cm led to mechanical degradation that resulted in a dramatic drop in Jsc, PCE, along with
a dramatic increase in Rs. A novel in-situ method of monitoring the electrical resistance of the device
while bending was used, to investigate the effect of bending on the interfaces and the individual
layers. Where users will be able to obtain information regarding the mechanical limitation of devices’
interfaces and interlayers for a given bending radius and bending cycles. It was concluded that the
resistance overload resulted from a weak interface between MoOx and the active layer, possibly
leading to increase in Rs. This was further confirmed via a manual peeling test, indicating that the
active layer was intact and the top layer of the peeler had silver and MoO which was reported as a
layer underneath the silver, lighter in color. The second mechanical degradation was witnessed in
the active layer, as after 100 bending cycles, striation started to appear at 5 cm bending radius, and
were more obvious at 2.7 bending radius which could results to further reduction in Jsc due to possible
charge recombination processes. An in house, novel system was utilised in this study to understand
the behaviour of a flexible OPV under bending, while under illumination with the focus of bending
radius of 5 cm. From there, it was noticed that delamination spot changes upon bending and
flattening the device causing fluctuations to Rs values and reversible behaviour of the device. Finally,
the flexible OPVs were encapsulated via lamination techniques, in an attempt to move the neutral
axis towards the device layers and thus, protecting any weak interfaces from mechanical degradation.
Although the performance parameters of the flexible OPV, more specifically, Rs and PCE were not
degraded with the same severity as the case with un-encapsulated devices. It is believed that the
degradation, which is governed by reduction in Vo, FF and Rs, is resulted from creating a shunting
path within the device. Which is believed to be an effect of encapsulation and not mechanical
degradation. The FE analysis of both encapsulated and un-encapsulated substrates was conducted

clearly indicating movements of the neutral axis towards the mid-plane of encapsulated substrates.
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Chapter 1

Introduction

The photovoltaic (PV) research sector has committed significant effort towards developing
green, sustainable, low cost sources of energy that can be integrated into diverse array of
environments, enabling applications such as: remote power generation for off-grid and
standalone systems; building integrated PV (BIPV), wearable electronics as well as
architecturally challenging locations where the placement of conventional, rigid PV would be
impossible [1]. The drive to achieve clean, green energy generation is driven by national and
international targets aimed at reducing CO; emissions, in 2021, More than 130 countries have
made the same pledge of net zero target by 2050 including the UK and UAE. Thus, reducing

dependency on fossil fuel and ensuing resilience in front of future fluctuation of energy prices

[2].

Around 342 W m™ of solar energy is received by the earth’s atmosphere annually, 30% of this
irradiation is reflected back into space and the remaining 70% equivalent of 239 W m~ reaches
the surface of our planet [3]. Depending on the location, the average solar power received is
within the rage of 60-270 W m2 annually [3, 4]. For example, the annual solar power in in
London is around 109 W m2 whereas in the United Arab Emirates (UAE) it is around 261 W m-
2[5, 6].

It is worth mentioning that from February until mid-May of 2020, around 200 countries
around the world implemented a mixture of full and partial lockdown measure to contain the
pandemic of COVID-19. These containment regulations and mobility constraint also disrupted
and delayed both the supply chain and constructions of renewable energy projections
especially PV and onshore wind installations in key markets such as China and the United
States. Nonetheless, in mid-June of 2020 renewable-based projects have returned to near
normal levels in terms of constructions, supply chain and implementing policies. This is
because, manufacturers have adapted new systems of operation that align with the new

social-distancing rules [7].



However, according to the data published by the International Energy Agency (IEA), most
countries accelerated their renewable energy projects once the restrictions were eased, thus,
they state that annual addition of solar power could reach over 142 GW and 150 GW in 2021
and 2022, respectively. Global annual PV contribution is expected to surge during period of

2023 until 2025 as the global market economy enhances [7].

This near exponential growth in PV industry has been mainly dominated by crystalline silicon
solar cells [8]. Between the period of 2010 to 2020, the silicon PV industry underwent
dramatic changes starting with, the reduction of manufacturing cost that is estimated around
-15% per year in average and the continuous increase in efficiency of around +2% per year on
average. Which lead to standardising the technology in terms of the design all the way to the
supply chain [9]. Most of which is produced for ground mounting utility scale applications
such as commercial and residential rooftop markets. However, one of the key challenges to
further improve the silicon PV’s efficiency is producing interfaces withing the cell structure to
allow for very low recombination process thus, improving surface passivation of the cell [10].
Which requires a careful defect analysis and control as well a drive in the research field for

new interface materials.

On the other hand, multi junction solar cells has set the record for the highest PV efficiency
reaching 29.1% for single-junction GaAs (at one sun illumination) and 47.1% for six-junction
device (under concentrated light) [11]. These record efficiencies along with the device’s
stability, made multi-junction cells very desirable for space application. However, these
tremendous values come at cost of around 100-200 $/Wp. This high cost is what is keeping
the multi-junction devices from dominating the PV market for terrestrial applications.
Nonetheless, the technological path that leads to lower cost, will require multi-junction cells
to enter larger markets to push the demand to increase production scale and reduce
manufacturing cost [12]. Examples for near term market could include military, High-Altitude
Long Endurance (HALE) vehicles and thermophotovoltaic. in the meantime, it is unclear which
of these applications will offer significant growth in the multi-junction market to reach

economies of scale.

The future of these PV designs and structure will mainly depend on improving energy yield

and cost value trade of efficiency. However, when considering applications such as ground



transportation market and Building Integrated PV (BIPV), then a multifunctional thin film-
based PV’s that combine attributes such as opaque or semi-transparent and have a high
power to weight ration must be considered. Unlike with the production of Silicon based PV,
the approach of ‘one size fits all’ which is values on a cost per watt system can’t be
implemented in architectural applications. This presents BIPV’s with difficult technical
challenges due to the costs associated with designing, manufacturing, and certifying a range

of sizes [13].

Nonetheless, it can be noted that the markets need governs the technological advancement
and production cost of PV technology. Thus, as the sales of Internet of Things (loT) devices
grow, the demand of smart electronics increases. Here comes the need of developing new
innovative power sources that are cost effective, maintenance free to be used in health, retail,
and personal applications which is not a niche market anymore. Thus, significant work has
been dedicating towards advancing flexible plastic based PV for smart wearable electronics
and portable applications, which led to its efficiency to jump from 3% to 13% in 20 years [14].
Flexible PVs are great candidates among energy harvesting technologies in terms of their
practicality as they are flexible, easily processable, have high energy to weight ratio and allow
integration into various surfaces. In addition, they can overcome the obstacles of
transportation, storage, mass production and viability of infrastructures as they are adaptable
to roll-to-roll production as well as low temperature processes [15-17]. When compared to
their rigid counterparts, stability and efficiency come as challenges for flexible solar cells.
Nonetheless, their unique market target makes great candidate for their respective
applications. The flexibility of these devices has allowed them to be portable power supplies,
this is critical to the evolution of transportation and instrumental devices and technology
away from the main grid. In addition, flexible PVs can be combined with shelters, clothing,
and bags due to their lightweight at a lower production price compared to other technologies.
In general flexible PVs can be categorised into three main groups, including perovskite solar
cells (PSCs) [18], dye-sensitized solar cells (DSSCs) [19] and organic solar cells (OSCs) [20].
However, it has been reported that stripe-patterned silicon based solar cells that are
electrically interconnected to have certain flexibility, but their complex fabrication process
has made them economically undesirable [21]. The second generation of thin film solar cells

such as gallium arsenide (GaAs) and copper indium gallium selenide (CIGS) have been



reported to have better flexibility compared to silicon based solar cells but the toxicity of some
of the elements limited their wide use in large scale applications. This thesis will focus on third
category which is the third generation of solar cells; OSCs, which will be extensively analysed
[22, 23]. The flexible fabrication of OSCs will further maximize their manufacturing advantages
over other forms of photovoltaic as low temperature processing methods are feasible in
addition to OPVs being free of toxic material which make them great candidates for laboratory
cyclic fatigue testing without encapsulations. Nonetheless, currently, establishing a set of
performance characterisation for flexible cells in general is far from standardised. Many
researchers have reported data related to performance parameters such as fill factor,
efficiency and current density but without relating it to the mechanical durability in terms of

minimum bending radius and cyclic loading tests.

However, the term “flexible PV” must be well defined in order to develop a scientific method
to measure and examine the degree of flexibility. In many cases including the work reported
in this thesis, polymer based flexible substrates are wildly used in fabricating PV flexible
devices. These substrates can be bent, stretched, and twisted. The substrates’ bendability is
primarily measured to obtain the degree of flexibility by refereeing to radius of curvature (rc).
Around 80% of the device features must be maintained after bending with a range of rc from
10 cm to 1 mm. in such case, the device is said to be “flexible” however if rc was 1 mm or less,

the device is said to be “ultra-flexible” [24].

Consequently, the research in this thesis focuses on fabricating flexible OPVs and measuring

their performance evolution under different conditions of mechanical stress and strain.

Chapter 2 will cover the background knowledge needed to conduct the work in this thesis
while also providing a review on the recent literature in mechanical testing of flexible OPV.
Chapter 3 will cover the methods employed to fabricate OPVs, analyze their constituent
layers and to characterise the mechanical and optoelectronic properties of flexible devices
will be discussed. Chapter 4 will cover flexible OPV’s optimization techniques followed by
the initial results of the effect of 3-point bending in terms of, bending radius and bending
cycles on the flexible OPV’s performance parameters. Chapter 5 will cover an in-depth
analysis of the effect of 3-point bending on each individual layer along with their interfaces

with adjacent layers. By introducing a new technique that allow to track the change in



flexible OPV’s behaviour while bending via trancing the changes in the device’s resistance.
In addition, the effect of encapsulation on positioning the device towards the neutral axis
was studied and confirmed via Finite Element Analysis (FEA). Finally, in chapter 6, will

conclude with a summary of experimental findings discussed in this work and future outlook.



Chapter 2

Background

2.1 Organic Semiconductors

Once polymers are synthesised, they can be easily stored for long periods of time, as in most
cases they do not require any special environmental conditions. Commonly they can be
dissolved in a number of organic solvents and can be proceed into films by number of
techniques available within research laboratory capacity including dip coating, spin coating

and doctor blading and are also feasible for roll-to-roll printing for large area production [25].

A variety of flexible polymeric substrates can be sourced commercially at relatively low-cost.
Typically, polyimide (PI), polyethylene (PE), polypropylene (PP) and Polyethylene
terephthalate (PET) based materials are used depending on the processing and end use
requirements [26]. Conductivity is achieved by depositing conductive material as a thin film
onto one surface of the substrate, this is typically a transparent conducting oxide j.e.
indium/fluorine doped tin oxide (ITO/FTO), aluminium and/or gallium doped zinc oxide
(AZO/GZ0) or complex mixtures such as indium gallium zinc oxide (IGZO) however alternative

materials have been proposed that include silver nanowires [27, 28].

The inherent lack of conductivity arises from the saturated nature of the carbon backbones
of these polymers, whereby the structure prevents the movement or generation of charge.
Conducting and semiconducting behaviour can however be achieved in polymers that are
both unsaturated and conjugated, through the process of hybridisation. Considering carbon,
with an atomic number (2) of 6, the electron configuration is 1s22s%2p? that would imply only
the 2 outermost p-orbitals are available for bonding. Contrast this with the knowledge that

carbon readily forms 4 bonds. This is explained by a process known as hybridisation, whereby



atomic orbitals may overlap/mix to form hybrid orbitals — it is this process that accounts for
the profound differences in the electrical properties of PI/PE/PP and the semiconducting

materials that lie at the heart of OSCs [25, 29].

Consider ethane (C;Hg), sp3 hybridization occurs whereby one 2s-orbital and three 2p-orbitals
(px, Py, Pz) Mix to create four hybrid orbitals with similar characteristics (Figure 2-1a). In this
case hybridisation is possible owing to the small energy difference between the 2s and the
2p-states. Each sp3 orbital contains an unpaired electron that can form a sigma (o) or single
bonds. In the case of ethene (C2Ha) sp2 hybridisation refers to the mixing character of one 2s-
orbital and two 2p-orbitals (px and py) to create three hybrid orbitals with similar
characteristics. The hybridised orbitals together form a trigonal structure, creating a
molecular geometry of 120 ° (Figure 2-1.b). Each hybrid orbital can form in-plane o bonds. The
remaining unhybridized p; orbital, lies perpendicular to the plane, and can overlap to form a
delocalized orbital above and below the plane of the molecule —termed a it bond, Figure 2-
1.b). Finally, in the case of ethyne (C2H:) sp hybridisation occurs, referring to the mixing
character of one 2s-orbital and one 2p-orbital (px) to create a hybrid orbital. The hybridised
orbitals form a linear structure, creating a molecular geometry of 180 ° (Figure 2-1.c). Each sp
hybrid can form in-plane o bonds. Two carbons can share one sp electron to form a o-bond.
The remaining unhybridized py and p, orbitals lie in a perpendicular plane to the sp orbital and
are both perpendicular to each other. The unhybridized p; orbitals on each carbon overlap to
form delocalized orbitals above and below the plane of the molecule — forming two 1 bonds

[30-32]
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Figure 2- 1 a) Energy level diagram and bonding orbital of sp3 hybridization in ethane. b) Energy level diagram
and bonding orbital of sp2 hybridisation in ethene. c) Energy level diagram and bonding orbital of sp
hybridisation in ethyne. Taken from [32].

A molecular orbital may be approximated by a linear combination of atomic orbitals (LCAO).
In the simplest case we can consider the combination of two 1s orbitals of two H atoms as the
atoms approach. Rather than the 1s orbitals overlapping, they combine to form 2 completely
new orbitals. It is important to note that when orbitals combine, the number of orbitals before
the combination takes place must equal the number of new orbitals that result, so in this case
the combination of 2 1s orbitals results in the formation of H,, the result is two MOs, sigma (o)
orbitals. According to molecular orbital (MO) theory, the first sigma orbital is lower in energy
than either of the two isolated atomic 1s orbitals — this is referred to as a bonding molecular
orbital. The second, sigma-star (o*) orbital is higher in energy than the 1s orbitals, and is

referred to as an anti-bonding molecular orbital, as illustrated in Figure 2-2 [31, 33].
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Figure 2- 2 Schematic representation of Linear combination of atomic orbital and the resulting of bonding and
anti-bonding molecular orbitals in hydrogen. Adapted from:[34].

According to MO theory, the two atomic 2pz orbitals combine to form two n-MOs, one a low-

energy 1 bonding orbital and one a high-energy n* anti-bonding molecular orbital. In the

bonding orbital, the two shaded lobes of the 2pz orbitals interact constructively with each

other, as do the two unshaded lobes, therefore there is increased electron density between

the nuclei in the molecular orbital which is the origin of this being a bonding orbital. In the

higher-energy anti-bonding orbital, the shaded lobe of one 2pz orbital interacts destructively

with the unshaded lobe of the second 2pz orbital, leading to a node between the two nuclei

and overall repulsion, hence anti-bonding orbital (Figure 2-3) [33].
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If we then consider a more complex molecule such as benzene, a cyclic, aromatic compound

containing 6 carbon atoms where each carbon is bonded to a neighbouring carbon by a o-

bond (sp2 hybridisation). Each carbon however also has an unhybridized 2pz orbital

containing an electron. The overlap of the 2pz electrons results in the formation of a

delocalised electronic system both above and below the plane of the molecule (Figure 2-4)

Energy

— <

Six 2p
atomic orbitals

antibonding .
molecular orbitals Re

it i
i

Ty
bonding
molecular orbitals

SiX %
molecular orbitals
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orbitals below this line are bonding whilst all orbital above the dashed line are antibonding. Benzene has six
electrons in its it orbitals thus, all the bonding molecular orbitals are fully occupied. Taken from [36] ©1999

William Reusch.
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When we move to larger systems, such as polymers, we can extend this understanding to
explain the origin of conducting and semiconducting properties. If we take ethyne (acetylene)
as discussed above and form from it a polymer, polyacetylene Figure 2-5a, we have a polymer
containing alternate sigma and pi bonds. In fact, it was the demonstration of conductivity in
this polymer by Heeger, MacDiarmid and Shirakawa that gave rise to the field of organic

electronics and earned the inventors the 2000 Nobel prize for Chemistry [37].

a) b)
¢* - band (antibonding)
H H H H H H
| | | I | I  — band
C//C\C//C\C//C\C,//C\C//C\C//C (Linear combination of P, orbitals from the

| [ | | | | repeated units)

o - band (bonding)

Q)  ethene butadiene octatetraene polyacetylene

Mo —
Lumo oMo
. HOMO HELy
IrDMU _"‘_
n _f_*_
_H_

6.7ev 58eV 31eV >15eV
185 nm 215 nm 400 nm Up to ~ 800 nm
uw uwv Visible Visible-IR

Figure 2- 5 a) polymerisation of acetylene to form trans-polyacetylene and b) schematic energy band diagram for
a generic conjugated polymer c) the formation of o and it bonds in conjugated organic molecules. Adapted from
[38] © 2021 University of Cambridge.

It is the sigma bonds that hold the molecule together and the pi-bonds that create the
interesting electrical and optical properties. The m-band, Figure 2-5b, originates from the p;
orbitals from each carbon atom in the polymer chain with the size of the band determined by
the number of carbon atoms in the chain, Figure 2-5c. We have now, in essence created a
bandgap that we can consider to be analogous to that seen in inorganic systems and where

charge transport can occur owing to the extended delocalisation and charges can be
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generated optically or electrically depending on the magnitude of the bandgap. We now
consider transitions between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) rather than the valence and conduction bands of

inorganic systems [39, 40]

2.2 Organic Photovoltaics (OPVs)

The main difference between OPV and inorganic photovoltaic (IPV) is the photocarrier
generation process. In an IPV the free charge carriers are generated directly through the bulk
of the semiconductor which in most cases consist of a single material. Whereas a mobile
exciton (which consist of Coulombically bound electron and hole) is almost always the product
of light absorption in OPVs [41, 42]. However, in an organic semiconductor, the electron and
hole transport levels are the conduction band (CB) and the valence band (VB) respectively.
Thus, making their equivalent in an organic semiconductor are the LUMO and HOMO levels

respectively (Figure 2-6) [39].

To explain more, when a photoactive organic material absorbs a photon, electron excitation
occurs from the HOMO level to the LUMO level. However, the electron and hole are still
attracted to each other by Coulomb potential thus, forming an exciton with exciton binding
energy within the range of 0.3 to 0.5 eV [43]. In such cases, the hole is present in an intragap
energy level just above the HOMO level whereas the electron is occupying another intragap
energy level below the LUMO energy level. This means, if the electrical energy gap is the
difference between the HOMO and LUMO levels, then the optical bandgap has a smaller
magnitude as it is equal to the different between HOMO and LUMO minus the exciton binding
energy. The presence of the Coulomb potential around the charges causes the exciton to have
a lifetime within the orders of nanometers. This lifetime length is referred to as diffusion

length which has a value of around 10 nm [40].

Naturally, electrons are bounded in to a solid. Thus, at the out most surface of the material

they are prohibited to escape to vacuum by an energy barrier that is capped the vacuum level
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(Evac). Evac can be defined as the electron’s energy level to be located at rest within the
outside of a solid material. Thus, having zero kinetic energy with respected to the material’s
surface [44]. Assuming there are no electrons present at the LUMO (in an organic material) or
the conduction band (in an inorganic material) because of doping for example. Then the
closest electrons to Evac level are those residing at valence band or HOMO level. Therefore,
the minimum energy required to remove an electron from the system is known as the
ionization potential (IP). On the other hand, the energy attained by adding an electron to a
neutral molecule which will reside at the conduction band/LUMO is defined as electron

affinity (EA) (Figure 2-6) [45].

The occupancy of the energy band is annotated by the position of the Fermi level (Es).
therefore, in a system under thermodynamic equilibrium, it is defined as the energy state with
the 50% probability of electron occupation. consequently, above the Fermi level reside the
unoccupied energy states in the Conduction band and below the fermi level reside the fully
occupied energy state [39]. Therefore, in a metal, because the Fermi level marks the borders
between the unoccupied and occupied states as a continuum of states, then it can be said that
the that the work function (WF) is equal to both IP and EA (Figure 2-6). In a semiconductor
however, work function depends on the location of both Evac and E:, and these two
parameters depend on temperature, density of state, carrier density and the doping

concentration in a material [39, 46].
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Figure 2- 6 Flat band energy level diagram illustrating energy levels in both organic and inorganic semiconductor.
Where (IP) is the ionization potential which represents the minimum energy required to remove an electron from the
system, (WF) is the work function and it is defined as the amount of energy which is required to pull out an electron
from an atom, (EA) is electron affinity and definded as the energy attained by adding an electron to a neutral molecule
which will reside at the conduction band/LUMO. Finally, (Ef) is the work function and it marks the borders between the
unoccupied and occupied states

Operational mechanism

As explained above, light absorption by itself does not lead directly to photocurrent
generation, owing to the high binding energy of the exciton. Which is why a recombination
process between the hole and electron may occur, such recombination process in referred to
as geminate recombination. However, if the exciton reaches an interface region between the
photoactive material and another compound, the energy offset that the interface provides
could overcome the binding energy resulting into exciton dissociation [47, 48]. In an OPV, the
exciton dissociation is realised by blending a photoactive material which is also knows as a
donor as it is the material that donates the electron, in this work, this material is (PBDB-T)?
which is a polymer with an acceptor compound. In this work, the acceptor material is a small
molecule known as ITIC®. Further information about the material used and their properties

will be discussed later in Chapter 3.

2 Poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-bldithiophene-2,6-diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8 H-
benzo[1,2-c:4,5-cldithiophene-1,3-diyl]] polymer

b 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3'-d’]-s-indaceno[1,2-b:5,6-
b’ldithiophene
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The morphology of the blend is critical, owing to the relatively short lifetime of the exciton
generated during photoexcitation. In general terms the diffusion length is considered to be of
the order of a few to a few tens on nm, thus controlling the morphology of the blend i.e. the
spatial distance between donor and acceptor is critical [49]. A bulk heterojunction (BHJ)
morphology, Figure 2-7 has been widely used in OPVs. Such mixture allows for domain sizes
of both materials to be within orders of nanometres and hence compatible with the exciton
diffusion length [25]. In a BHJ blend, the electrons hop from the LUMO of the donor to the
LUMO of the acceptor and the hols hope from the HOMO of the acceptor to the HOMO of the
donor. At this stage, the electrons and holes are in different molecules, but because they
travel at proximity of each other along the interface region, a bimolecular recombination
could occur across the two molecules. Interestingly enough, such recombination could occur
between an electron and a hole that are from different exciton origin. It is worth noting that
BHJ require a high level of control during mixing to achieve the desirable morphology. In some
cases, a hon-continuous pathway to the other layers of the cell may result in trapping the
electrons in isolated region of the acceptor material. On the other hand, high density of

interfaces regions can increase the chances of bimolecular recombination [25].
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Figure 2- 7 Systematic representation of the microstructure of a conjugated polymer used as an active layer. As
shown, the polymer layer comprises of ordered region which could be either crystalline or aggregated and
amorphous region both of which are much smaller than the device dimension. The ordered domains are typically
connected by the polymer tie chains. Adapted with permission from [50].

In addition to the blend morphology the energetics of the active layers and the surrounding

charge selective interlayers and electrodes must be considered.
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Figure 2- 8 Schematic representation of the energy levels and operation mechanism of a an OPV. a) the photon is
absorbed by the active layer (Photon absorption). b) an electron is promoted to an exited state which creates a
localised and bounded electron-hole pare (exciton generation). c) the exciton must dissociate in order to
generate and photocurrent, this step occur at the interface between accepting and donating semiconductor
(exciton dissociation). d) the dissociation results in transient charge transfer state at which the electron and hole
are now in different molecules. Which is then followed by the electron and hole hoping into their perspective
charge transporting layer (charge transport and extraction).

In the OPV structure illustrated in Figure 2-8a, the photon will be absorbed by donor. The
resulting generated exciton will diffuse through the polymer until it recombines or reaches an

interfacial region with the acceptor (Figure 2-8a-b). One of the main factors that limits the
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efficiency of an OPV is the large energy loss (Eioss) Which is attributed to both radiative
recombination loss due to the considerable energy-level offset between the donor and a large
non-radiative recombination loss generated by the extremely low electroluminescence
efficiency of OPV materials [51] In general, it is known that the energy level offset between
donor and acceptor should be larger than 0.3 eV. This is important to provide a driving force
for excitor dissociated at the interface between donor and acceptor [52]. The electron then
hops into the LUMO of the acceptor and the hole remains within the donor’s molecules. They
diffuse within their respective materials but alongside each other attracted by a much-
reduced Coulomb potentials, and assuming bimolecular recombination does not occur, they
eventually reach the charge extraction layers (CELs) (Figure 2-8c). Ideally an electron transport
layer must have a shallow Er providing by that, a desirable energy aliment with the LUMO
level of acceptor molecules. On the right-hand side, the hole transporting layer must have a

deep Er and thus, creating an excellent energy alignment with donor’s HOMO level [53].

Unlike OPVs, Si solar cell has p-n junction structure, thus, the driving force to separate the
charge carriers towards the electrodes is provided by the built-in voltage at the p-n interface.
Whereas as explained above, in an OPV, the exciton dissociation is promoted by the interfaces
of the active layers. A built-in field does not exist to direct the charges towards the electrodes
to be collected to the external wires. A small electric field only appears when both electrodes
are put in electrical contact. This is because the electrodes Er must equalise before a net flux
of charges passes between them. this electric field is what helps navigate the charges towards
their respective electrodes which shows the importance of device architecture in OPV

operation mechanism.

Charge extraction layers function as a charge selector. This is important to note as the devise
structure in this work is known as inverted structure (Figure 2-8). At which the ITO acts as a
cathode and the metal that is more ambient stable and has high WF acts as an anode. In
comparison, conventional structure has charge extraction layers of low WF metal such as
aluminum (Al) as an anode. For fabrication, this requires a high temperature and high-cost
vacuum evaporator that is not compatible to roll-to-roll process for large area printing. It has
also been reported that using a more air-stable transition metal oxide (TMQ) a charge

extraction layer and high-WF metal as an electrode improves the stability of a device which is
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an important parameter for wearable electronics [54]. As the anode and the cathode in an
inverted OPV are reversed, this results in changing in polarity of the charge collection within
the device. Due to this reverse polarity, the surface energy deference would induce a self-
optimized vertical phase redistribution between the donor and acceptor. It has been found
that thermal annealing is a critical fabrication process that can be controlled to further
optimise the BHJ donor - acceptor vertical phase morphology. Adding additives or applying
external electrical fields have also been reported as successful measures to improve vertical

phase morphology [55]

2.3 Device performance parameters

Quantum efficiency

PVs can be represented as two terminal devices that conduct electricity in the dark in a similar
manner as a diode and when illuminated, generate a voltage. Furthermore, when a PV is
illuminated, it produces a photocurrent at short circuit conditions that depend on the
intensity of the incident photon. The relationship between the induced photon and the
photocurrent density (Jsc) can be described by the quantum efficiency (QE). QE is defined as
the probability of delivering a single electron to the external terminal of the circuit. It is
important to note that QE is independent of the induced photon spectrum. QE however, does
depend on the charge separation and charge collection efficiencies in addition to the
coefficient of absorption of the material used in the solar cell [31]. Given that the QE is a
function of energy, Equation 2-1 can be used to characterise different solar cells behaviour

into a QE versus wavelength curve.

E=— Equation 2 — 1

Where (h) is Plank’s constant, (c) is the speed of light in vacuum and (A) is the wavelength of

the absorbed photon [31].
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J-V characteristics

In the literature, there are numerous models that represent the J-V behaviour of a PV system
[56]. Some of these models will incorporate more than one physical variable whilst other, take
a simpler approach by designing a model based on a set of assumptions [57]. The equations
presented in this section are derived based on an ideal single diode circuit. Where Js,
positioned at the intercept point with the current axis, represents the short circuit current
which is the maximum allowable amount of current that can be obtained when no bias is
applied under illumination conditions. Jsc highly depends on the dissociation process of the
exciton, the absorption efficiency of the active layer material and the successful
transportation of charges cross the CELs to the electrodes that are in electrical contact. The
fact that organic semiconductors have high absorption coefficient, allows the active layers
materials within the device structure to be thin. However, because their energy level is
localised, absorption can only occur over a small range of wavelengths from the overall flux
of incident photon coming from sun, and as QE has a strong wavelength dependence, one can
observe that QE reduces away from the visible spectral region, towards the blue and again
towards the red region. The largest number of photons absorbed can be found at wavelengths
of around the value of 600 nm [58]. It is worth mentioning that non-absorbed light can be
reflected back to the device by the electrodes, increasing by that the chances of absorption
[59]. Moreover, choosing a transparent charge transfer layer with high refractive index can

redistribute the light intensity and thus, maximising the light intensity [60].

The open circuit voltage (Vo) is the intercept point at the voltage-axis, which represents the
maximum voltage when zero current is passing through the terminals of the system. To
explain more, increasing the voltage results in increasing the amount of charge recombination
inside the system keeping them from passing through the terminals. Thus, at Vo all the
charges generated will recombine [61-63]. Ideally the area under the J-V curve, must be
maximised to allow for high power generation. In a BHJ system, the V.. dependence on the

energy levels of the donor and acceptor can be illustrated in Equation 2-2.

Voo = 2 (IER5H |~ 1BL5GE ™% - 8) Equation 22
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The value of A ranges between 0.3 eV and 0.6 eV [64]. Thus, the value of the Voc can be seen
as the energy gap that results in electron and hole polarisation. Not to be confused the optical
bandgap is the energy separating the bound electron and hole [65]. Voc value is influenced by
the operating temperature, film morphology and illumination intensity [25]. Its maximum
values can be obtained by delivering the charge carries to the external wires without any drop
in the voltage. Thus, an appropriate CELs must be selected to provide an Ohmic contact with

the electrodes and therefore with the active layer.

Fill Factor

Another parameter that must be mentioned when studying the performance of a solar cell is
the Fill Factor (FF). FF is the ratio between the maximum power obtained from a solar cell in
the field and the maximum power generated from an ideal solar cell. A good value of FF will
be around 0.8 whereas a poor value will be 0.4 [63].The solar cell parameters described in this
section are evaluated in this work under standard test conditions (STC) which are at a 25

°C temperature of the cell, illumination of 1 kW m2 and at solar spectrum of air mass (AM)
1.5 [66]. A study published by the Marks group shows that J-V plot can be divided into three
regions that represent three different causes of mechanism losses, all of which affects the FF

values and thus, the cells’ power conversion efficiency (PCE) [67].
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Figure 2- 9 J-V curve under dark and illumination for an OPV. the dashed line represents the three different region
that indicate a specific losses mechanism. Region 1) accounts for leakage current which in device parameters will
translate as a reduction in the Rsh, Region Il) accounts for recombination currents either due to potential
difference between ETL and HTL or energy mismatch between HOMO/LUMO resulting in a drop in Voc and Ill)
accounts for increase in series resistance. Adapted with permission from [67].

As illustrated in Figure 2-9 The first region (l) is located at the low positive biases, and it
represents the current leakage, such defect can occur due to the presence of pinholes in the
active layer or, cracks that initiated due to mechanical testing, which in device parameters will
be a reduction in Rsh. The second region (ll) is located at a moderated positive bias. The losses
in here are due to recombination process which will effect Voc value and will be due to
potential difference between HTL or ETL and/or energy mismatch between HOMO/LUMO
level of donor and acceptor. The third region (lll) is located at the high positive biases. The
losses in there are governed by the internal resistance of the device and its component. Thus,
giving a high value to the series resistance (Rs). Which means that in a J-V plot a high series
resistance will result into a deviation from the vertical direction of the curve at voltages higher
than the V.. Electrical properties of the interlayers and their interfaces must be controlled to
ensure that Rs is at its minimum value. Under mechanical tests cracks may propagate causing
isolated areas within one of the cells layers the cell, giving rise to Rs or may even lead to short
circuit [68, 69]. However, this thesis will further investigate affects that mechanical testing
would have on these parameters, and how one can prevent their degradation to insure the

production of a practical flexible organic solar cell.
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2.4 Transparent flexible electrodes for OPV fabrication

All layers within a device stack are critical for efficient device performance and it is important
to consider the interaction and interfacial properties of all layers. Starting with the conducting
electrodes, particularly the TCO through which light will typically enter a cell. The key
parameters for the TCO are the optical transmittance and the sheet resistance, both having a
significant impact on OPV performance [70]. The transparency is what allows the light to
travel to the active layers improving by that the photon to current generation rate. Moreover,
a mismatch between the thermal properties of the substrates and the films might cause the
film to break during fabrication process, more specifically during annealing and cooling as well
as the possibility of dimensional instability of the soft substrate. The substrate must also retain
from releasing contaminates and unreactive against chemical processes which is very
important during film deposition and evaporation of solvents during annealing [71].
Depending on the structure and type of flexible OPV, various electrodes have been employed
and among these are, transparent conductive oxides (TCO), transparent nanomaterials (TNs)
such as graphene and metallic nanowires such as silver nanowires [72]. In addition, one of the
most well-knows and wildly used material for transparent electrodes in PV devices in general,

is ITO.

Nonetheless, the integration of mechanical robustness and ideal transparency is an important
specification for a substrate when used for the fabrication of an efficient flexible OPV, as these
substrates must retain their optimum values of PCE and sheet resistance under different
mechanical testes and deformations. Furthermore, their production must be scalable and
continues to allow for fabrication techniques such as roll-to-roll [73]. Polymeric substrates
such as polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) that are
modified with transparent conductive oxide such as ITO and FTO, have been attracting lots of
attention as an alternative transparent flexible electrode [74]. This is due to the high flexibility
the polymeric substrates over in addition to their low coast. As the integration of these
material results in excellent electrical conductivity, lightweight as well as their feasibility to be
mass produces for large scale [75]. However, it has been found that these hybrid substrates,

brittle, rigid, chemically unstable and the plastic substrates could introduce
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dimensional instability thus, hindering the performance of the cell [76]. It must be noted that
these disadvantages are significantly linked to the temperature of the imprinting techniques
of the ITO to the PET substrate [75, 77]. Another downside that must be mentioned regarding
the use of the PET/ITO substrates is that their operating temperature must be below 150°C
thus [78]. However, low temperature processed materials and simplified fabrication
procedures that leads to long term stability are nowadays a high priority for many researchers

that opens a numerous opportunities for novel structures of solar cells [79].
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2.5 Mechanical properties for organic electronics

The main issue when considering mechanical properties for deformable organic devices, is
the fact that the description does not specify whether qualities such as “flexibility” is
attributed to the material dimensions or the material properties. As any material can be made
flexible if it was sufficiently thin. “stretchable” is also another description that does not convey
if the deformation is reversable (elastic) or permanent (plastic). In this work, a device that
bends to a radius of curvature that ranges between 10 cm to 1 mm regardless of the thickness
of the substrate is considered to be flexible. The device elongation range is not the focus of
this work but in most literature, a device is said to be stretchable if the device can be elongated

by around 5% of its original length [80].

In organic devices field, the most relevant mechanical properties can be viewed in Figure 2-
10, which includes Elastic modulus (E) that is also referred to as Young’s modulus, elastic

range (which is highlighted in grey), yield point and strain at fracture [81].
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Figure 2- 10 Theoretical stress-strain curve for bulk polymer. Young’s modulus (E) is the slop of the elastic region

(the material can retain back to its original shape- shaded in grey). the area between the yield point and crack-

onset is plastic region (the material is permanently deformed). Reproduced with permission from reference [82].
Copyright © 2015 American Chemical Society.
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Multiple factors determine these properties in an OPV including, the structure of the
individual molecules in the material, how these molecules are packed in soled state, and the
structure of the device and its interlayers [83]. there are challenges that one may encounter
when measuring these mechanical properties, as it is difficult to handle thin films for some
tests followed by then the reality that not enough material can be obtained or produced by
laboratory scale synthetic procedures, that would allow the fabrication for a large number of
films [84, 85]. This work is more focused on the evolution of the entire device performance

during mechanical deformation and its effects on the device’s interlayers.

Young’s modulus

The ability of a material to store mechanical energy reversibly is known as Young’s modulus
(E). It refers to the amount of force required per a given area (stress (o)) to uniaxially deform

a material causing a change in its original length (strain (&)) in a reversible manner [82].

F
o== Equation 2 — 3
[—1
0 Equation 2 — 4
l
o
E = z Equation2 —5

Where F is the force applied, A is the unit area, | is the deformed length and lo is the original
length at equilibrium position. Young’s modulus unite is force pre unit surface (N m2) also

known as pascal (Pa).
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Table 2- 1 Shows the values of Young’s modulus of typical materials used in fabricating an

organic solar cell.

Layer Material Young’s Modulus (GPa) Reference
Substrate PEN 6.1 [86]
Substrate PET 2.7 [86]

Substrate/Encapsulation PI 4 [86]
Substrate/Encapsulation Glass 90 [87]
Transparent electrode ITO 150 [88]
Transparent electrode Graphene 1000 [89]
Transparent electrode/ HTL PEDOT:PSS 0.8 [90]
HTL MoOx 86 [91]

ETL ZnO 96.1 [92]

ETL TiO, 288 [86]

ETL LiFe 65 [86]

Donor PBDB-t NA -

Donor P3HT? 0.25 [93]
Acceptor ITIC 1.63 [94]
Acceptor PCBM® 3.06 [95]
Electrode Ag 74 [86]
Electrode Al 70 [87]

It must be noted that the method followed to obtain such properties have a high effect on
the values recorded. There are several approaches to attain Young’s modulus such as nan-
indentation, recording the mechanical resonance by imaging techniques such as Transmission
electron microscopy (TEM) and tensile bending of thin films [96]. As the work in this thesis
heavily rely on cyclic loading and failure of the devices thus, the results of tensile testing
method were used to record the values at Table 1-1 from different references. Moreover, the
mechanical properties of the thin films often differ from those of bulk samples of the same
material [97]. Thus, when considering the effects of an overall working device, thin films
would produce more insightful results that are more compatible the properties the material
exhibit in a device structure.

The values of Young’s modulus are only valid within the elastic regen of the material before
any permanent plastic deformation occurs (the slope of the curvature in the leaner region).

For flexible electronics, this value incredibly important as it can be controlled to reduce

€ Lithium fluoride
d poly(3-hexylthiophene-2,5-diyl)
€ Phenyl-C61-butyric acid methyl ester
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interfacial stress between interlayers of the devise as well as between the device and the skin
in case of wearable electronics [98]. The phase of the solid material directly influences the
molecular mechanisms that is responsible for storing elastic energy. For example, in
crystalline and semi-crystalline solids, the molecules movement from their equilibrium
position in the lattice, results in the production of a restoring force. The restoring forces in
van der Waals solids can be described by Lennard-Jones bonding potential. Lennard-Jones
potential is a function of the distance between the centres of two partials. When the two
particles that are not bonded to each other are at an infinite distance, their potential energy
is said to be zero. Upon mechanical deformation, the distance between the two particles
decreases until they bound. At this stage, their potential energy drops from zero to a negative
guantity and the particles each an equilibrium. Any further mechanical deformation beyond
this stage, will lead the particles to pass their equilibrium distance and a repulsion mechanism
occurs. This repulsion is associated with forcing the electors to occupy each other’s orbitals

thus, repulsion will continue until the electors are at places at their own original orbitals [99].

Yield Point

The termination of the elastic region of a solid material can begin by the start of plastic
behaviour or brittle fracture. At this point, the storing force (i.e., the energy stored by the
molecules during the deformation at the elastic region) is converted into plastic deformation.
At this stage, the molecules alter themselves to a new configuration. Thus, for van der Waals,
the molecules will slide past reach other which is facilitated by the side chains. On the other
hand, for semi-crystalline materials, the amorphous region can interlink in the crystallites,
thus, a strong intermolecular force is present thus, the material displays brittle fracture at the
yield point [82, 100]. For semiconducting materials, the extend of the plastic deformation on
the microstructure affect the optical abruption and charge transport properties [101]. In
applications that require the OPV to be attached into moving parts (human body or machine)
it is more desirable to operate within the elastic region as the device will experience repeated
deformation. Whereas, if the flexible OPV is integrated into building or a lens (i.e. attached to
curved surfaces permanently) it is acceptable to for the solar cell to bent beyond the yield
point (i.e., permanently deformed and can’t retain its original flat shape) as long as the

deformation isn’t deteriorating the device performance [100, 102, 103].
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Crack Onset

Once the total energy absorbed by the spacemen up to the point of crack (toughness) is
exceeded by the mechanical energy applied, the bulk structure of the sample fractures. For
organic materials, this depends on the molecular weight and the soled phase. For small
molecular semi-conductors such as ITIC, fracture occurs when the mechanical energy density
overcomes van der Waals forces. For crystalline solids, the fracture occurs between grain
boundaries [104, 105].

The initiation of crack within an OPV is not necessarily catastrophic. The mechanical
degradation of the device performance depends on the extend of the crack and the direction
of the flow of the charge carries within the device [106]. In OPV, the direction of charge
transportation is perpendicular to the device plane thus, crack propagation in direction of the
charge transport can results into the illusion of having multiple devices that are connected in
parallel. Nonetheless, a crack that extends from the electrodes through the active layer will

short circuit the device and result in complete failure [107].
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Adhesive fracture energy and interfacial strength

Poor adhesion between the adjacent inter layers of a device can lead to misalignment and
delamination specially when the device undergoes mechanical deformation. Different
processing techniques of each layer as well as the difference in the mechanical properties of
the layers can also lead to poor adhesion. Four-point bending can be used to quantify fracture
energy [108, 109]. Fracture or adhesion energy (G¢) (J m2) is defined as the energy needed to
propagate a delamination at the interfacial region between the adjacent layers [110]. This
occurs once the strain energy overcomes the adhesive fracture energy which is expressed in

Equation 2-6.

21(1 — v2)P.*12
T 16ED?R3

c Equation2 — 6
where P is the load, E and v are Young’s modulus and Poisson’s ratio of the substate. L is the
distance between the outer and inner pins of the four-point bending, b and h are the width

and half the thickness of the sample [110].

Using four-point bending technique to measure involves placing the OPV stack between two
beams usually being glass or silicon wafers using epoxy resins and applying a load the four-
point bending pins. As seen in the schematic representation in Figure 2-11. The upper layer
of the sandwich is notched to ensure that the propagation of the crack into the weakest

interface rather than propagating a crack throughout the thick substrates [110].
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Figure 2- 11 Schematic representation of four point bending test designed to measure the adhesion energy of the
P3HT—PCBM active layer in an organic solar cell. Adapted with permission from: [111]

For flexible OPV, multiple factors affect the value of G¢ such as, the composition of each layer,
the annealing temperature and any post treatment, type of hole transporting layer used and
deposition rate and thickness of the metal electrode. It has been reported that metal oxides
layer that are typically used as CELs such as (MoOs ,V.0s5 and ZnO) lower adhesion energy
[110]. As these materials relay on the inter-particulate interaction to remain in cohesion, thus
having G. values to be below 0.7 ] m?[112]. The intermolecular forces of solution processed
molecular materials such as C60 fullerene layers are weak due to the absence of strong iconic
or covalent bonds which resulted in low values of G¢ (0.1-0.5 J m™2) [112]. Whereas
semiconducting organic materials such as P3HT and PTAA, have higher values of G, that ranges
between 2.5 to 8 ) m2. Higher values of adhesion energy from high molecular weight polymer,
results from the presence of chain entanglement and interactions, thus, upon any fracture
due mechanical deformation, these covalent bonds must be broken. In BHJ mixture in a
flexible OPV, the presence of fullerene materials could negatively impact the value of G

because of the reduction of chain interaction in these polymers [113].

Another method worth mentioning that allows for measurements on adhesion strength in
different applications, is peeling test. In this test, a laminate is bonded either to another
laminate or to a thick substrate, and the test begins by pulling the laminate off from the other
laminate or the substrate at a constant rate as indicated in Figure 2-12 [114]. The peeling
force is recorded during debonding and depending on the application the peeling angle is

decided, T-peel test (ASTM D1876) is typically utilised for flexible bonded materials such as
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flexible OPV applications. In such applications, the samples would have the following
structure: (laminate layer/device layers/laminate layer), and during the peeling test, rupture
occurs either at a weak interface or within a weak layer of the of the whole device [115].
Therefore, the measured peeling strength is only representative of the ruptured area which
is identified via the use of Scanning electron microscopy (SEM) with energy dispersive X-ray
spectrometry (EDX) [115]. During test, the machine records the applied force across the
displacement, which in case of T-peel test would be upward movement of the rig. Thus, a
force/displacement curve is generated, and the peeling strength is then calculated as average

load divided by the width of the specimen [114].

Y|

90° peel test 180° peel test
1 )
—
@ I
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Figure 2- 12 lllustrates different peeling tests with different angles of peeling. Red represents the laminate layer
while black represents a substrate. Taken from [116] © The Royal Society of Chemistry 2016.
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2.6 Encapsulation of flexible OPV

Depending on the device structure and material selection, one of the degradation routes that
an OPV suffers from is caused by moisture and oxygen when the cell is exposed to air.
Moreover, when compared to glass substrates, PET and PEN lead to faster degradation routes
due to their abilities to transport gases. To avoid these paths of degradation, and improve
device lifetime and stability, encapsulation (i.e. barrier material) can be introduced to the
device structure [117]. Moreover, due to the thickness the substrate and the encapsulation
material have, they are mainly the responsible layers within the device with the mechanical
strength to keep it intact [118]. Thus, material properties that describe the ability of the
material to store mechanical energy, is less important for the organic semiconductors and
other interlayers within the OPV and more important for the plastic substrate the
encapsulating materials. For the organic semiconductors and other interlays within the
device, having low Young’s modules vales and height crack-onset is more important to consider
to minimises interfacial stress. This can be done by adding an encapsulating layer on top and
bottom of the sandwich device, moving by that the neutral axis to the midplane of the device
protecting by that any weal interfaces from strain that would cause delamination [109, 110].
The encapsulation material for flexible OPV should bear properties such as, high optical
transparency, low permeability of moisture and oxygen, photochemical and thermal stability,

strong adhesion to the substrate, mechanical flexibility and cost effective [119].
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2.7 Mechanical bending

Mechanical characterisation techniques for flexible electronics applications can be sub-
divided into two categories: Testing to determine the mechanical properties of each material
(constants) and testing to track the evolution of the device performance. The latter, in the
focus of this work and the information of the device performance under stress or strain can
be extracted using number of techniques. The best experimental designs entirely decuple the
experimental procedures from human involvement by automating the test. Thus, ensuring
that a uniform bending strain over the entire sample is being imposed and controlling the
bending stress, strain rates and forces. Moreover, it is important to ensure minimum contact

with the device and automatically measure the device’s parameters [120, 121].

The most common test used to determine the mechanical properties of a material along with
their fracture properties, is the bend test. In such testing, the material is subjected to a
bending load. bending tests enables the control of the load distribution over the specimen.
During any bending tests, pressure is applied to the specimen with loading pin that has either
a circular or rectangular cross section [121, 122]. Once the loading pin, is in direct contact with
the specimen that is perpendicular to its cross section, the specimen will gradually be bent. In
this work, the OPV will be subjected to a cyclic loading of bending and relaxing movements
up until the failure point of the device’s performance [121, 122]. Depending on the loading
method, there are two types of bending test: three-point bending, and four-point bending as

illustrated in Figure 2-13
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Figure 2- 13 A schematic representation of (a) three-point bending along with the distribution of bending
moment (moment = force x distance from the pivot) along the length of the specimen where the maximum
moment is allocated at midspan. (b) In four-point bending the maximum moment is allocated between the two
loading pins.

In the case of three-point bending, the maximum bending and thus the maximum pressure
are located at the midspan zone. In here the substrate rest on two support pins and the load
pin is positioned at the centre of the specimen. Materials that do not fracture or fail under
maximum strain during three-point bending, could be more suited to be tested via four-point
bending. The main difference between the two methods, is the distribution of the maximum
bending moment and maximum axial stress [123]. In four-point bending, the maximum axial
stress is located between the loading noses. Such tests fall under the American Society for
Testing Material (ASTM) standards D790 which is specifies the testing method for flexural
bending properties of plastics [123]. It is important to note that for flexible devices failure
modes during bending tests can be indicated by delamination or cracking [124, 125].
However, the literature lacks on how these deformation modes effect the performance of the

OPV.

Bending mode tests have been studied in literature for OPV applications, however, the power
profile of the incident light has been reported to complicate the study [126]. In most solar
simulators, the spatial power distribution is calibrated to deliver 100 mW cm=2 uniformly at a
specific plane. As the device bends, both spatial and spectral power disruption of the light
could depart from the typical measurement plane. Moreover, light abortion and reflection
are both affected by the incident light angle, all these effects could lead to some uncertainties

when measuring the OPV performance parameters [127, 128]. Thus, researchers may accept
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uncertainties or else there have been couples of methods that has been reported that could
reduce these possibilities of errors such as: flattening the device before conducting evaluation
measurements or preform cyclic testing at different radius of curvatures [126, 128]. In
general, bending is an important deformation mode of testing that allows the development

of flexible devices.

Neutral axis and critical values

The neutral axis in a bent sample, is a region within the cross section that does not experience
any elongation or compression. Looking at the bent sample in Figure 2-14, it is clear that the
top section of the sample’s cross section, experiences compressive strain and thus, undergoes
compression. Conversely, the lower section of the sample’s cross section undergo tensile
strain and thus experiences tensile stress. This is true in case of a downward force, the
opposite must be considered if the loading pin had an upward direction. However, a plane in
between these two sections, dose not increases or decreases in length and hence experiences
zero strain. Ideally for flexible electronics, by introducing a substrate and the encapsulation
layer with similar Young’s modulus values and similar thickness would move device structure
must be places in this neutral axis region. Consequently, avoiding any deformation due to

bending and thus, abstain from device failure [129].
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Figure 2- 14 schematic representation of the stress distribution along the cross section of the sample.(a) indicates a
downward load direction (b) indicates an upwards load direction.

The critical strain (&) is a point beyond which the external forces apply causes mechanical
damages and hence, the device functionality deteriorates. This indicates that the critical
strain, is corelated with the critical radius of curvature. The critical bending radius is defined
as the value of radius at which the device components mechanically or electrically fail. Since
maximum strain can take place at one of the surfaces of the device and as most flexible
devices and more specifically flexible OPV have metallic contact or insulating material as a
final top layer, the stain at the topmost surface becomes critical. In literature, a flexible device
is one that it’s component can sustain (&) < 2% and withstand bending with a range of r. from

10 cm to 1 mm [130].

The Maximum strain value that is located on the top surfaces of the substrate can be

calculated using the following equation [131, 132]

t

£ = —
peak ZTC

Equation 2 —7

Where (t) is the substrate thickness. This equation shows the relationship between the

maximum strain value, substrate thickness and radius of curvature for homogeneous sheets.
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It is clear from Equation 2-7, that thinner sheets would experience lower maximum strain
values compared to thicker substrates. Nonetheless, the strain would change under the
presence of compressive and tensile stress on either surfaces and thus on each layer. The
variation in a homogenous film is liner but more complexed for layered structures, which will
be further discussed in Chapter 5 in which both the substrate’s and ITO layer’s thicknesses

and Young’s modulus values will be taken into consideration [120].

Built-in residual stress

Build in residual stresses are produced during the fabrication process of the devices and thus
they depend on the deposition conditions such as: thermal treatment and machining of each
material. Such cases are very frequent at laboratory scale fabrication as the substrate as small
and the fabrication processes are not automated and well designed. The causes of the residual

stress can be categories into two sections:

e Mechanical treatment: When handling the substrates during fabrication, the

substrates could undergo non-uniform deformation across the across section of the
material. In this case, the region closes to the external force applied could deform
plastically and further regions could deform elastically. Hence, upon the removal of
the external force, the elastically deformed regions would try to restore their original
conditions, but the plastically deformed regions would prohibit this recovery.
Consequently, the elastically deformed region will only partially recover. Thus,
remining at a stress state.

e Temperature variation: After annealing process, during the cooling stage, the outer

section that is in contact with ambient ait, cools faster than the underlaying layers.
Thus, causing contraction. As these regions contract differently stress withing the

material starts building up.

Although this work will not focus mainly on the effects not the measurements of residual
stress within the devices, it is however important to note that these residual stresses can
cause shape distortion, allow for crack propagation [129, 133]. As the devises in this work are

fabricated in the laboratory, it is important to track such changes.

37



Chapter 3
Experimental methods

In this chapter the methods employed to fabricate OPVs, analyse their constituent layers and
to characterise the mechanical and optoelectronic properties of flexible devices will be
discussed. A description of the various characterisation techniques employed in this thesis
will be given, these techniques are divided into the following categories: mechanical testing,

optical and electronic methods, structural and morphological characterisation.

3.1 Substrate preparation

Two principal substrate types were utilised in this study, glass (1.2 cm x 1.2 cm) and PET (1.2
cm x 8 cm) with thickness of 0.21 mm, both of which are pre-patterned with ITO (13.6
Ohm/o) with 8 mm strip design and acquired by PsiOTec Ltd. Figure 3-1 shows a schematic

diagram of the PET substrate.

1.2x1.2cm
{170 (8 mm)

8 cm Cell area: 4.5 mm?

Figure 3- 1 A schematic representation of the PET substrate with ITO stipe design. The 1.2 cm x 1.2 cm is the area
of where six pixels are fabricated with each pixel being a device. each device area is 4.5 mm?
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Prior to use, glass substrates were sonicated in an ultrasonic bath for 10 minutes intervals
sequentially in acetone, isopropanol and finally deionised water. The same process was
repeated for the PET substrates with the acetone removed and replaced with aqueous
detergent to avoid degradation and damage of the PET surface. All substrates where then
dried using a nitrogen gun and then placed in the UV-ozone cleaner for 20 minutes before

further processing.

3.2 Photovoltaic device fabrication

This section will cover the fabrication method of the OPVs used in this work including the
fabrication process of each individual layers and their deposition conditions. The device
structure utilised in this work is the inverted structure (see Figure 3-2), discussed in more

detail in Chapter 2.

Ag (Anode ) +

|

I TlC:PBDB.-,-

Zn0 (ELT)

ITO (cathode)

Figure 3- 2 Schematic drawing of the inverted device architecture utilised in this study. Here ITO serves as the
cathode, ZnO serves as the electron transport layer, ITIC:PCE12 as the active layer/absorber layer, MoOy as the
hole transport layer and finally silver as the anode.

Electron transport layer deposition

Zinc acetylacetonate hydrate (Zn(acac)..xH20) (Sigma Aldrich) was dissolved in 2 ml of

anhydrous 2-methoxyethanol (Sigma Aldrich) and 60.4 ul of ethylamine. The solution was
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stirred overnight at room temperature. subsequently ZnO layers were deposited by spin
coating in air under ambient conditions at 3900 rpm 60 seconds for PET substrates and 4500
rpm for 45 seconds when using glass substrates, each followed by a 15-minute thermal anneal
at 150 °Cin air. In each case this resulted in the formation of a 30 nm ZnO film that uniformly
coated each substrate. To ensure optimum wettability, before depositing the active layer, ZnO

layer underwent 5 minutes of UV-Ozone treatment.

Active layer deposition

The bulk heterojunction used throughout his study comprised polyy[(2,6-(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-
bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)] (PBDB-T, PCE 12) as the donor
and 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno(1,2-b:5,6-b’]dithiophene (ITIC) as the
acceptor — which is referred to as (PBDB-T:ITIC). These materials were kindly supplied by
Professor Martin Heeney at Imperial college London. The molecular weights were 117.406 kg
mol? (PBDB-T) and 1.430 kg mol* (ITIC). The two materials were mixed in a 1:1 weight ratio
in a and total concentration of 20 mg ml2 of chlorobenzene:1,8-diiodooctane with a 99.5:0.5
volume ratio. The solutions were stirred overnight in the dark on a heated hotplate at 75 °C
and subsequently spin coated at 2000 rpm for 60 s directly on top of the ZnO layer in air under

ambient conditions resulting in 100 nm thick BHJ layer.

MoOx and silver deposition

Following deposition of the active layer films were transferred into a thermal evaporator to
sequentially deposit MoOy and silver layers. The evaporation was carried out a base pressure
2 x 10 mbar. First a 10 nm layer of MoOx was deposited at a rate of 0.5 As?, followed by a
100 nm layer of Ag at a rate of 1.5 As'* for glass substrates and 0.5 As™ for PET substrates. As
the PET is a soft substrate, a slower evaporation rate was selected to reduce any accumulation
of residual stresses and the stress due to thin film deposition as discussed in Section 2.7 in

Chapter 2. The final device structure is shown in Figure 3-3. Each pixel (total of six) is a single
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device. The pixel area (0.45 mm?) of the device is determined by the spatial overlap of the

electrodes.

a)

4 B

8 cm

Figure 3- 3 a) Photographs showing an example of the OPVs fabricated on PET substrates, magnified image shows
active layer materials with the device area shown for clarity, b) Photograph of PET based device under 1 Sum
illumination whilst obtaining J-V characteristics.

Upon completion of devices their photovoltaic (PV) parameters were explored using a
Newport Thermal Oriel Sol3A (Class AAA) Model 92250A-1000 solar simulator at an intensity
of 1 Sun illumination (100 mW cm, 1.25 mA, AM 1.5 G spectrum).

3.3 Device encapsulation

A thermal laminator was used to encapsulate the PET based devices. The lamination medium
was 0.15 mm thick PET sheets sourced commercially. Prior to device encapsulation conductive
tape was applied to the cathode contact of each pixel with the aid of carbon conductive paste,
to which an electrical wire was soldered to allow electrical connectivity to the encapsulated

layers (see Figure 3-4a). Lamination was then carried out, although the
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internal laminator temperature wasn’t recorded by the manufacturer, the temperature of the

sample as it leaves the laminator was determined to be ~45 °C.

Figure 3- 4 a) PET based OPV with conductive tape attached to the pixels with the aid of carbon conductive paste.
The cut on the top right side of substrate was made in all samples to distinguish the conductive side after
cleaning the substrates. b) Infra-red thermometer showing the measured temperature samples after c)
Encapsulated OPV with the wires attached to the pixels.

3.4 Mechanical characterisation

Three-point bending test

To study the influence of bending radius and cyclic bending on device performance,
mechanical tests were carried out using a ZwickiLine Z2.5 (Zwick Roell) 3-point bend test
instrument operated in cyclic loading mode. The system is fully digitalised as it uses a motor
encoder and a load cell to collect data during the test. The load cell is attached to the top load
frame, Figure 3-4a. The test protocol i.e. speed, distance and direction were pre-determined
and subsequently uploaded to the software. A stainless-steel loading pin (attached to loading
cell) measuring 1 cm in diameter was in contact with the back of the PET substrate, to avoid

scratching or damaging the cell.

A compressive load was applied directly to the centre of the PET, which is aligned with the

centre of the device as shown in Figure 3-4a, this ensured that the device would experience
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maximum bending moment and maximum axial stress. To protect the device from scratching
or damaging due to direct contact with loading pin, the PET side was put in contact with
loading pin. Thus, it is believed that the OPV was under tension stress while the PET substrate
was under compressive stress (see figure 4-3b). The neutral axis location was calculated and
confirmed by FEA which will be further discussed in Chapter 5. The supporting pins were set
to a separation distance of 70 £ 3 mm. The designed cyclic loading programme varied the

distance travelled by the loading pin at a speed of 30 mm s

Loading pin

Figure 3- 5 a) Photograph of the Zwick Roell 3-point bending machine used. The sample is under 3- point bending
resting on support pins separated by 7 cm with the loading pin directly at the centre of sample above the PV
device. To reduce any damage caused by contacts the PET film side was placed in contact with the loading pin. b)
Schematic representation of the expected stress distribution of tension and compression that was experienced by
the OPV.

When programming the test protocol, the distance travelled by the loading pin (depth) (h)
had to be added manually to obtain the required bending radius. This was calculated using
differential geometry. In differential geometry, radius of curvature (r¢) is defined as the radius

of a circular arc which approximates the curvature at that point. Hence, the radius of
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curvature is infinite for a straight line and large for a line on bending path [129]. If the circular
segment was used as an analogy with the three-point bending instrument shown in Figure 3-
5a. Then Figure 3-6 can be used to set some assumptions to calculate the travel distance of

the loading pin.

d/2 d/2

Figure 3- 6 Circular segment used to calculate the distance travelled by the loading pin (h) to bend the sample to a
bending radius =r..

In Figure 3-6. L is the is length of the specimen (the length of the OPV substrate), h is the
depth, d is the separation distance between the two supporting pins that the substrate rests
on, rc is the radius of curvature (bending radius) and a is the bend angle. Thus, (h) would be
the distance travelled by loading pin (depth) to induce bending to the specimen equal to a

bending radius of r.. The depth can be expressed and calculated as follow:

h=r.—K Equation 3-1

~h=1—1, .cos(zirc) Equation 3-2
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Table 3- 1 The calculated distance travelled by the loading pin to allow for the required bending

Bending radius (cm) 2.7 5 10

Loading pin travel distance (mm) 25 15.3 7.9

Considering the device’s potential application in consumer wearable electronics, the lower
and upper limits of the bending radius were chosen as representative of a device curvature
when worn around an adult’s mid-upper arm of average circumference (c = 33.1 cm, rc = 5.3
cm), and placed along the curvature of a human head of average circumference (c = 55.2 cm,

rc = 8.8 cm) [134]. Data were collected after 10, 50 and 100 bending cycles.
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In-situ resistance measurements

To further understand the influence of 3-point bending on the resistance of the device, an in-

situ experiment was designed, as shown in Figure 3-7.

Figure 3- 7 a) Shows the in-situ setup to measure resistance while bending using a 3-point bending Instron
(design 5566), attached to a digital multi-meter. b) The 3-point bending set up with insulating tape to isolate the
sample from the metallic frame of the machine with wires attached to the digital multi-meter using crocodile
leads. b) shows the method the sample was wired using carbon paste to glue the conductive tape to the
electrons and the solder the wires on the other end of the tap. d) shows the LabVIEW software that was used to
record the resistance and the displacement of the loading pin with respect to time.

Thin copper wires were attached to the electrodes (Ag and ITO) of the devices and placed on
the 3-point bending setup on Intron model 5566 while being connected to an Agilent 34401A
digital multi-meter. As explained above, the PET substrate was in direct contact with loading
pin, thus the device experienced downward bending (See figure 3-7b). The metallic parts of
the 3- point bending set up that are in direct contact with the device were covered with an
insulating tape to provide electrical insulation between the machine frame and the sample.
Both the mechanical data (compression) and the resistance were recorded simulatability via a

LabVIEW code (Figure 3-7d).
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The designed cyclic loading program varied the distance travelled as shown in Table 3-1 by a
speed of 2 mm s with total of 5 bending cycles. A slow speed such as 2 mm s was chosen to
avoid any movements of the connected wires to the device as indicated in Figure 3-7b, as
going any higher than 2 mm s, would oscillate these wires and thus, produce noisy signals.
An upper and lower safety limit of the bending (distance travelled by the loading pin) were
set to 0 mm and -100 mm respectively (the negative sign indicates the downward movement
of the loading pin). This in return determined the range of voltage the digital multi-meter is
operating in which was between -0.01375V at0 mm .e., whenthe sampleisin a flat condition.
Avoltage of 9.9848 V at -100 mm was applied. Although the upper limit was never reached as
the maximum travel distance was set to be 25 mm for 2.7 cm bending radiuses. It was chosen

however to minimize noises when recording the data.

Creating contacts with the sample was a challenging part in this experiment. As it was done
manually using conductive tape and carbon paste, the initial resistance of each pixel varied
this can be seen in Chapter 5, Section 5.3. This is mostly owing to the fact at after attaching
the wires to the pixels, and ensuring conductivity with carbon paste, the hot soldering that
followed this step, would affect the adhesion of the conductive tape and, in some cases, it
would snap off the sample due to handling and connecting thee wires with the digital multi-
meter crocodile leads (see Figure 3-7c). This “snap off” within the program would be recorded
as a resistance overload which could be interpreted as phenomena of mechanical damage
within the device structure (delamination or fracture). Thus, it was important that when an
overload of resistance occurs such as the cases noted in Figure 5-5a-b and Figure 5-10a, the
entire sample is examined closely to ensure that it did not occur due to faulty wiring. Section

5-5 of this thesis will further elaborate on the wiring systems refinements.

However, it must be noted that the loading cell sensitivity i.e., the accuracy of the mechanical
data collected by loading cell is around 2% of its loading capacity. Thus, for a thin flexible
sample (0.21 mm thick) such as those used in this work, a load capacity of 10 N in would ideally
be the threshold, above which, the data collected of force/displacement are noisy as shown
in Figure 3-8 and thus, might not be reliable. Both the ZwickilLine Z2.5 and Instron design 5566
mechanical testing machines had a loading cell of testing capacity of 5000 N. Thus, forces and
stress analysis were obtained using finite element analysis (FEA). However, these machines

allowed for cyclic loading tests for the bending radius that were of interest to this work.
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Displacement (mm)

Figure 3- 8 Shows an example of the force/displacement figure extracted from the Instron during the 3-point
bending cyclic test of an un-encapsulated cell with bending radius of 5 cm. The figure shows a noisy signal as the
loading cell capacity is higher than the ideal limit (10 N) for thin samples like the ones used in this work.

Finite Element Analysis (FEA)

Finite Element Analysis (FEA) uses numerical technique to solve differential equations and is
capable of simulating many physical effects, including stress, vibration, motion, heat transfer
and fatigue. In this work, FEA was employed to quantify the stress distribution across the
thickness of the OPV structures, to determine the position of the neutral axis as well as to
study the impact of encapsulation of the stress distribution. Acknowledgements to Gorge

Morgan who helped conducting these simulations.
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Figure 3- 9 Schematic representation simulated skitch. a) shows the dimensions and supports used for simulating
3 -point bending of un-encapsulated cell while b) represents the dimensions and supports used to simulate 3-
point bending of encapsulated cell. It was assumed that the mechanical characteristics will be drawn from the
PET substrate thus, only PET substrate was taken into accurate. This assumption was made because the device

layer’s thickness is negligible compared to the PET substrate thickness.

COMSOL Multiphysics software was used in this study. A base of 1.2 cm x 8 cm PET substrate
was sketched with thickness of 0.21 mm (See Figure 3-9a). The software library had PET pre-
loaded meaning that key material properties i.e. Young’s modulus, Poisson’s ratio, bulk and
shear moduli were accessible. As indicated in Figure 3-9, constraints were added to the lower
edge of the substrate to mimic the real case scenario and loading pin was added. The
simulation conducted in this work, was based on displacement control rather than force
control. Meaning, that that loading pin was simulated to move downward to different
displacement length to simulate the required bending radius. These distances were as per the
calculations made in Table 3-1. Nonetheless, through the simulation the forced required for
such bending were extracted, which are presented in Table 3-2. Although the simulated
forces do not match those raw force/displacement exported from the 3-point bending test,

this could be due to the sensitivity of the load cell.



Table 3- 2 Shows the exported via the FE analysis to result in a 3-point bending of un-
encapsulated cell with the required bending. Understanding by that the forces used by the 3-
point bending machine

Bending radius (cm) 2.7 5 10

Force (N) 0.425 0.260 0.134

The main challenge in fabricating the device multilayers is that some of the materials used in
fabricating OPV are novel and consequently their intrinsic mechanical properties are not
widely studied and/or reported. In addition, the small thickness of some of the layers (= 10
nm) meant that running the simulations was computationally intensive and would often
crash. Thus, the simulation focused only on the PET, as the main mechanical characterises
extracted from the simulation originated from the PET layer. To simulate the encapsulation
layer, (see Figure 3-9b) the tool “section” was utilised, and upper and lower layer of the
encapsulating poach were sketched each with thickness 0.075 mm. These layers are then
“attached” together via a “partition tool” which meant that now all the layers behave like one
isotropic body. Which means that delamination between the interlayers or within the
encapsulation would not be detected in the simulation. The forces extracted from simulating
encapsulated substrates are in Table 3-3. Nonetheless, FEA provided information about the
neutral axis as well as the impact of encapsulation on the stress distribution on the substrate

which will be disused later in Chapter 5.

Table 3- 3 The force used in FEA to result in a 3-point bending of encapsulated cell with the required bending

analysis.
Bending radius (cm) 2.7 5 10
Forces (N) 2.016 1.234 0.637
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3.50ptoelectronic characterisation

Uv-Vis’s spectroscopy

UV-Vis’s spectroscopy was used to measure the optical transmittance and reflectivity of the
materials and substrates over the 220 - 1400 nm wavelength range. In this work, a Shimadzu
UV-2600 instrument was used, an integrating sphere was added to measure the reflectivity.
A background correction of the data was obtained by subtracting the spectra of glass/ITO and

PET/ITO substrates.

3.6 Electrical characterisation

Four-point probe

Sheet resistance (Rsheet) is an electrical property used to characterise thin films with
conducting and semiconducting materials. As the name indicates, it’s a lateral resistance
technique, which means it measures the resistance between the opposite sides of the sample
square. Sheet resistance can be defined as follows:

Rpeet =£t Equation 3-3

Where p is resistivity and t is the film thickness. The unit of this equation is Q/o as it represents
the resistance between the opposite sides of the square rather than the bulk resistance [135].
The primary technique for measuring sheet resistance is a linear four-point probe which
consists of four electrical probes as illustrated in Figure 3-10. Measurements are made by
applying a current across the outer two probes while measuring the voltage drop across the
inner probes. The method was used to measure the sheet resistance of ITO before and after

bending. This was done by one of our group members Ryley Ratnasingham.

51



©

Sample’s surface

Figure 3- 10 Shows a schematic representation of four-point probe. The four probes equally spaced and are
shown here in contact with the sample’s surface. A current (1) is passing through probe 1 and collected by probe
4, while probes 2 and 3 are measuring the voltage drop.

3.7 Structural and morphological characterization

Surface profilometer

Profilometry was used to measure the thickness of the as deposited layers and complete
devices (Dektak D150). In this technique a stylus tip is drawn down in contact with the sample.
The tip then moves across the layer until reaches an interface at which the substrate is
exposed. The tip maintains contact via a force applied by the machine, the movement across
the sample (vertical displacement) is plotted by the software to keep track of the interface
region. With the glass substrate when measuring the thickness of the active layer (soft sample;
polymer), the substrate was exposed by simply scratching. However, with the PET substrates,
tape was used to mask a section of substrate while spin-coating, the tape was removed during
the thickness measurement. This was done to avoid permanent deformation of the substrate

by scratching which could affect the measurements.
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Atomic force microscopy

Atomic force Microscopy (AFM) was utilised in this study to image the surface of the thin films
to analyse film morphology and roughness. AFM is advantageous as it provides high resolution
lateral imaging, 0.1 nm, of a variety of surfaces, soft and hard, without the need for additional
sample preparation steps [136]. Measurements are carried out in air. The instrument is well-
insulated from vibration. AFM has three modes of operations; tapping, contact and non-
contact. Regardless of the operating mode, AFM set up consists of a sharp tip (made of Si)
that measure forces and is connected to a spring cantilever. The vertical movement of the
spring cantilever is measured and recorded. This vertical movement is resulted from the tip
interaction with the topological features of the sample. Feedback electronics then measure
the changes between the tip/sample interaction and correct the parameters to maintain a
constant distance between sample and the tip. In the system used in this study, the back side
of the cantilever is coated with a highly reflective material which then reflects the laser off the
tip into a photodiode. The signal produced from the photodiode is then analysed and the
surface topography is imaged [136]. When the tip is at a finite distance of the sample and
there is no interaction, the force between the two is zero. However, as the tip approaches the
sample, an attractive weak long-range van-der Waal’s forces are detected by the tip resulting
in a non-contact operational mode. As the distance between the tip and the sample reduces,
an attractive short-range van-der Waals forces are detected by the tip. As the tip approaches
the sample’s surface, short-range repulsive forces are generated between the tip and
sample’s surface. In a tapping mode, the tip is operating by an alternative short-range
attractive and repulsive forces whereas in a contact mode, the tip is operating under repulsive
forces only. Although contact mode allows for high resolution images, it is not suitable for soft
substrates and polymers used in this work [137]. Therefore, for this work, tapping mode was
utilised. Thus, the tip is within intermittent contact with the sample. This means that spring
cantilever oscillate closer to its resonance frequency and as the tip gets closer to the sample,
the feedback electronics edit the amplitude and reduces it, to ensure that the force applied to
the sample is kept constant. For this work, a Bruker Innova AFM was utilised to scan an average
of five 5 x 5 um? with the amplitude of 1 Hz. Image analysis and roughness as a root mean

square values were extracted using Gwyddion software.
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Chapter 4

Fabrication of flexible OPV and initial testing of performance parameters
under 3-point bend testing

4.1 Introduction

In this chapter, we begin with a detailed analysis of the optical and morphological properties
of ITO coated PET substrates used for the preparation of flexible devices and the impact of
processing on the intrinsic properties. The performance of OPV devices prepared using PET
substrates will be evaluated after optimisation and compared with conventional devices
prepared using rigid glass substrates. A direct comparison between devices is in this case was
possible as both are obtained from a common supplier with an ITO thickness of around 250
nm and measured sheet resistance of 13.6 /0. This chapter will also cover the ambient
stability of PET based OPV devices as the devices have been fabricated and mechanically
tested under ambient conditions. Finally, this chapter will showcase the initial results

regarding the Influence of 3-point bend testing on flexible OPV device performance.

4.2 Device optimisation

To fabricate flexible OPVs it was necessary to optimise the recipe used for the overall device
structure. The first step in this process was to evaluate the PET based ITO and compare with
ITO on glass by measuring the optical, electrical, and morphological properties of each. The
BHJ processing PBDB-T:ITIC was selected as an active layer ( Chapter 3, Section 3.3) as similar
had been previously reported with a device PCE of 11.2 % reported on glass/ITO substrate
[53]. The same structure and blend of BHJ was fabricated on PET/ITO based substrates with

an 8.86% champion PCE reported (note device area of 1 cm?) [138]. Although the group of Ma
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have reported that a device with PBDB-T:ITIC BHJ which was fabricated on PET/ITO substrate,
maintained 89% of the initial PCE after 1700 hours of aging inside the glovebox under N [139].
A main concern within this study was the ambient air stability which wasn’t reported in
literature, whereas in this work, the fabrication process, mechanical testing, and performance
parameter were all carried out under ambient conditions within the laboratory environment.
This section will cover the steps taken to optimise the device performance in order to allow
tracking the effect of mechanical bending on the device’s performance. This section will also

cover the ambient stability test of an un-encapsulated device.

Optical properties

The first step was assessing the transparency and reflectivity of the substrates before and
after the addition of 30 nm of ZnO, which serves as the electron transport layer (ETL) in
completed devices. The data in Figure 4-1 shows the measured transmission and reflectance
data. The transmittance spectra for both substrates are comparable, with the glass substrates
having a slightly better transparency across the UV and visible spectral regions. In
PTE/ITO/ZnO reflectance spectra a Fabry Perot oscillations can be observed, these are

indicative of a sharp optical interface between the substrate and the ZnO layer.
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Figure 4- 1 a) Transmission spectra of glass/ITO and PET/ITO before and after the addition of 30 nm thick spin
coated ZnO on both substrates. b) Reflectance spectrum of glass and PET substrates with pre-patterned of 250
nm ITO layer and after the addition of 30 nm thick electron transporting layer ZnO.

Film Morphology

The topography of the substrates before and ZnO layer deposition, were examined via atomic
force microscopy (AFM). Images were obtained here in tapping mode and show that the ITO
film on PET has a significantly lower root means squared roughness (RMS roughness, 1.32 nm,
compared with the ITO on glass (RMS = 5.43 nm), (See Figures 4-2 a and c). To account for
these differences in RMS modifications, spin coating conditions of ZnO had to be altered to
rectify the difference in roughness between the two substrates. In which, ZnO spin speed was
3900 rpm for 60 seconds for PET/ITO substrate, whereas the spin speed of ZnO on top of
glass/ITO substrate was 4500 for 45 seconds. Thus, ensuring the thickness of ZnO for both
substrates would be 30 nm. This was important to ensure that the fabrication of PET/ITO
based devices would be optimised and comparable to published glass-based devices for the
structure used. After spin coating ZnO layer, the morphology and resultant RMS roughness

where comparable for both substrates (see Figures 4-2 b and d).
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Figure 4- 2 Tapping mode AFM height images of a) PET substrates with pre-patterned 250 nm of ITO (as obtained
from supplier). b) PET/ITO substrate with spin coated 30 nm thick ZnO layer. c) Glass substrate with pre-
patterned 250 nm of ITO (as obtained from supplier). d) PET/ITO substrate with spin coated 30 nm thick ZnO
layer. ZnO layers in all substrates wear subjected to 150 °C post- deposition treatment. The RMS roughness
values are an average of 5 different areas within the sample.

OPV Performance parameters

As mentioned above, the device recipe and structure were taken from a pre-stablished and
optimised recipe based on a glass/ITO substrate [53]. Therefore, to fabricate the same recipe,
on a PET/ITO based and obtaining a compatible device performance to the glass/ITO based
device, three things be factors had to be taken into consideration. Starting with, the
roughness of the PET/ITO layer, in which, had the spin conditions remained the same for ZnO
in both glass/ITO substrate and PET/ITO substrate, the thickness of the ZnO layer was around
6 nm. This in return effected the performance of the PET/ITO (See Figure 4-3a). The second
factors that reduced the performance parameters of PET/ITO based devices, was observed
upon fabricating different batches of devices on different days, was solution aging. It was
noticed that if the active layer solution was older than one week, then the device performance
would reduce (See Figure 4-3b). It must be noted that the active layer solution was prepared
under ambient conditions and was stirred on top of the hot plat at 75 °C outside the glovebox.

The final factor that was taken into consideration from the very beginning, is the evaporation
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rate of MoOx and Ag layers. As the PET/ITO substrates is soft, lower evaporation rates of 0.5
As1 was chosen for both layers. Figure 4-3d shows the optimised devices, after taken all three

factors into consideration.

As seen in Table 4-1, show examples of individual devices, where flexible OPVs 1 and 2, show
the effect of thin ZnO layer, in flexible OPVs 3 and 4, the thickness of ZnO was optimised to
30 nm but the active layer solution used was a week old. Finally, Flexible OPVs 5 and 6, are
the optimised devices in terms of ZnO thickness and freshness of the active layer solution. A
lot of studies have been published regarding the effect of ZnO thickness on the performance
of OPV, in which literature reports that reducing ZnO thickness in an OPV device below 10 nm
thick, ZnO layer’s transport properties would suffer due to a large surface to bulk ration, which
in returns create morphological defects resulting in electron trapping [140]. In addition, low
thickness of ZnO layer could mean poor coverage over the electrode and thus, creating
current leakage due to pin holes, increasing by that the shunt resistance, and thus reducing
the FF as the shape of the J-V curve would be affected [140, 141]. This was observed in both
flexible OPVs 1 and 2, where when compared to the optimised devices, the shape of the J-V
curve is improved after increasing the thickness of ZnO to 30 nm, as well as improvements in
FF, Voo, Jsc. Moving to flexible OPVs 3 and 4, it becomes clear using a fresh solution impacts
the value of Js, thus, it is expected that aging the active layer solution has an impact on the
light absorption efficiency. Although the effect of solution aging is outside the scope of this
work, it was important to ensure that the active layer solutions are made no longer three days

from the day the devise were fabricated.
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Figure 4- 3 J-V curves of flexible OPV devices where a) the devices were affected by thin ZnO layer b) devices were
affected by the active layer solution aging and c) devices with optimised ZnO thickness and fresh active layer
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Table 4- 1 Performance parameters of flexible OPVs effected by thin ZnO layer, flexible OPVs that were affected
by the active layer solution aging and flexible OPVs with optimised ZnO thickness and fresh active layer solution.

.]sc Voc PCE Rs Rsh
(mAcm?) (v) FF (%) (Q) (Q)
. Flexible OPV 1 -13.8 0.53 0.32 2.27 13.46 52.5
Effect of thin ZnO layer
Flexible OPV 2 -15.2 0.39 | 0.28 1.66 13.73 36.7
A A Flexible OPV 3 -13.6 0.78 0.42 4.51 25.46 306.29
Effect of solution aging
Flexible OPV 4 -13.2 0.84 0.48 5.27 18.2 233.7
o ) Flexible OPV 5 -17.8 087 | 056 | 867 814 | 5428
Optimised devices
Flexible OPV 6 -15.8 0.85 0.51 6.87 12.42 2539

It must be noted that even after optimisation, the devices’ performance parameters would
vary from batch to batch as seen in Tables 4-1 and 4-3, nonetheless, it is the trends and
changes in the performance parameters with mechanical testing that was taken into
consideration. Therefore, optimising the device was important to allow observation of the
changes due to mechanical degradation. Figure 4-4 shows the J-V curves of devices prepared
on glass and PET, the performance metrics obtained from these data are summarised in Table
4-2. The deviation of the PET based OPV towards the right in the first quadrant indicate a loss
due to series resistance. This could arise from contact resistance with the electrodes due to
the way the flexible OPV was measured using mini crocodile clips leads. This effect is also
observed by the fluctuation of Rs values between batches as presented in Table 4-1. The
behaviour of PET based OPV and glass based OPV are comparable. The results show that the

fabrication of a flexible OPV under ambient conditions was successful.
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Table 4- 2 Performance parameters of glass based OPV and PET based OPV.

Jsc Voc FF PCE Rs Rsh
(mAcm?) (V) (%) () ()
Glass based OPV -15.5 0.87 0.58 7.78 8.9 203.1
PET based OPV -17.8 0.86 0.56 8.6 11.1 209.8
100
—~ 804 — Glass based OPV
“-‘E —— PET based OPV
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Figure 4- 4 J-V curves illustrating the performance of the best preforming glass based OPV and PET based OPV
under illumination.
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Ambient stability of flexible OPVs

As previously discussed, reports in the literature of ambient stability of an un-encapsulated
flexible OPVs and more specifically with the structure and BHJ blend used in this work are
lacking. Whilst fully understanding the degradation mechanisms and pathways is beyond the
scope of this work, it was necessary to understand the timeframe over which degradation
would occur. This, in order to define a window of time in which mechanical testing can be
carried out. Device testing was carried out at regular intervals over a 53 hour period, with the
devices being stored and also tested in ambient conditions, Figure 4-5. It can be seen that all
performance metrics remain within 10 % of their initial values for around 20 hours, after
which device performance drops off dramatically. The Jsc drop could be the result of active
layer degradation process which effected the light absorption efficiency or due to a drop in
exciton dissociation efficiency at the donor/acceptor interface within the blend. It has been
reported that, PBDB-T:ITIC BHJ blend show a continuous vertical phase separation when aging
in ambient air at different timing ranging from 20 minutes to 25 hours. Thus, forming a PBDB-
T rich top surface and ITIC-rich bottom surface of the active layer [142]. These changes induce
unfavourable exciton separation resulted from poor interface between donor and acceptor.
In addition to that, it has been reported that when PEDOT:PSS is used as hole transporting
layer, the interfacial interaction between 2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile
(INCN) within ITIC molecules (upon the vertical phase separation) and the acidic PEDOT:PSS,
leads to degradation of the ITIC molecules. Thus, reducing the V. of the device [142, 143].
However, it has been reported that upon replacing PEDOT:PSS with MoQx, the Vo of the
device can maintain stable when aging under ambient conditions [144]. Which agrees with
the data collected in this work (See Figure 4-5) in which, the stability of the Vo could suggest
that the electrodes and electrode/active layer interface remained intact. When comparing
the stability test of this work and published work in literature, for an inverted ITIC:PBDB-T
based OPV, the devices maintained their ambient stability for up to 10 days. However, it must
be noted that all these published studies reported in this section have been conducted on
encapsulated glass based OPV that have been fabricated inside the glovebox. This could
explain the intensity and speed of the ambient degradation of the devices fabricated in this
work. Nevertheless, the permeability and water absorption of PET doesn’t play a major role

in this case, according to literature, the contact resistance between PET substrate and ITO
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layer experienced sharp increase only after being in a relative humidity of 90% for 55 days
[145]. Whereas the work in this thesis was conducted under ambient conditions of a
laboratory of at temperature ranges from 20 °C to 25 °C with humidity of around 30%. In
addition to that, water absorption percentage of PET is considered one of the lowest when
condensing plastic based flexible substrates which ranges between 0.4% to 0.6% [146]. From
these results the window in which mechanical testing was to be carried out could be defined.
Each device discussed in this work has been fabricated, mechanically tested, and analysed
within 24 hours. Furthermore, batches of devices were prepared such that the same batch

was used at each bend radius to ensure the data could be compared meaningfully.
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Figure 4- 5 Evolution of performance of un-encapsulated OPVs measured over 53 hours. Devices were stored and tested
in ambient conditions.
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4.3 Influence of 3-point bend testing on flexible OPV device performance

Force/displacement curves of the PET substrate with the devices fabricated on top after cyclic
3-point bending of the three different inner bending radiuses, namely 10cm, 5 cm and 2.7 cm
that were used in this study are illustrated in Figure 4-6. To minimise the noises in the curve,
the force/displacement curves are only for the first 10 cycles. As stated in Chapter 3 Section
3.4.2, the sensitivity of the loadcell hinders the accuracy of the results and thus, data
presented in Figure 4-6 are noisy. Nonetheless, a trend can be extracted from the cyclic
force/displacement behavior as the bending radius reduces. At 10 cm bending radius, the PET
sample was tested within its elastic region (Figure 4-6a). At 5 cm bending radius, once the
loading pin moved downwards a distance of around 9 mm from the flat position, the samples
enter its plastic region. However, as noted by the unloading behavior, the sample exhibits a
recovery of the non-permanent deformation (Figure 4-6b) . This explains the fact that sample
(PET substrate), dose not experience any permanent plastic deformation to its shape even
after 100 bending cycles. The same features are observed at 2.7 cm bending radius, where
samples surpass the elastic region into the plastic region (Figure 4-6c). Upon unloading and
reducing the force experienced by the sample, a recovery of the non-permanent deformation
occurs, keeping the substrate from changing its shape after the cyclic bending, meaning that,
the sample experiences elastic strain during the cyclic bending test. Therefore, regardless of
the bending radiuses or number of bend cycles studied, the flexible OPVs’ substrates did not
experience any permanent plastic deformation to their shapes. However due to the noise it
is hard to extract any further information regarding the force/displacement behaviour of the
PET based devices. Nonetheless, upon encapsulating and increasing the thickness of the
sample, the curves become less noisy, and the trend of elastic strain becomes clearer. This is

presented in Append
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Figure 4- 6 Force/displacement curves of cyclic 3-point bending of PET substrate with devices fabricated on top a)
10 cm bending radius, b) 5 cm bending radius, and c) 2.7 bending radius.

Here the initial results investigating the influence of 3-point bend testing on the performance
parameters of flexible OPVs is investigated. With the three bending radiuses, 10 cm, 5 cm and
2.7 cm. As shown in Figure 4-7, each cell was measured for a total of 100 bending cycles under
each condition with J-V data obtained on pristine films, and following 10, 50 and 100 bend

cycles.
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Figure 4- 7 Shows the evolution of device J-V properties for devices under 3-point bend testing with a) re= 10 cm b)
re=5cmand c) r=2.7 cm. Each curve is obtained from a single OPV
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Table 4- 3 shows the effect of 3-point bending on the performance parameters of 3 different flexible OPV after
undergoing 10, 50 and 100 bending cycles, each with different bending radiuses of 10 cm, 5 cm and 2.7 cm.

Bending Bending Joc V,e FF PCE R, R.,
Radius (r.) | cycles (BC) | (mA cm2) (V) (Q) (o
0 -18.2 0.80 0.51 7.29 11.6 436.9
10 -14.5 0.86 0.50 6.23 13.9 399.7
10 cm
50 -14.5 0.83 0.52 6.23 15.5 310.5
100 -14.5 0.81 0.53 6.32 15.8 340.1
0 -18.8 0.86 0.60 9.62 7.61 525.6
5 10 -15.9 0.85 0.54 7.27 9.1 320.7
cm
50 -3.45 0.80 0.53 1.45 33.6 416.5
100 -2.9 0.78 0.53 1.18 40.7 680.4
0 -15.3 0.85 0.51 6.69 12.2 252.4
10 -13.4 0.83 0.41 4.50 20.7 310.8
2.7cm
50 -5.3 0.80 0.44 1.87 38.3 540.3
100 -4.6 0.79 0.40 1.45 57.4 576.6

Analyses of the bend test data reveal that for all bending radiuses, the start of bending results

in a drop in device performance, specifically a reduction in Jsc. With a bend radius of 10 cm Jsc

remains constant after 10 bend cycles and the overall device performance remains unchanged

following more bending cycles (Table 4-3). As mentioned, the PET substrates did not

experience any change in their shapes regardless of the bending radius used or number of

bending cycles, thus, the reduction noticed in Js, indicates that the permanent deformation is

within the device itself has occurred while bending. The Vo, Jsc, FF, PCE, Rs and Rsh are

67




plotted as a function of bending cycles in Figure 4-8. Which shows the average data of four
flexible OPVs, all normalised to their pre-bending values. Analysis of the Rs data Figure 4-8b,
shows that Rs increases when bending starts for all bending radiuses however remains fairly
constant for a bend radius of 10 cm. Increasing the bend radius to 5 cm similar behaviour is
seen up to 10 bend cycles, followed by a sharp increase in Rs that continues with more
bending. At 2.7 cm there is again an increase for 10 bend cycles that continues to increase
with increased bend cycles. From analysis of these data, it is clear that devices subjected to
bend test with radiuses of 2.7 cm and 5 cm, are significantly affected by the testing, with Jsc

(Figure 4-8d) being the parameter that is reduced owing to increases in device Rs.
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Figure 4- 8 illustrates the normalised values of the flexible OPV performance parameters after 10, 50 and 100
bending cycles with different inner bending radius of 2.7 cm, 5 cm and 10 cm. The normalised values are an
average of 4 flexible OPV.
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From the trends observed by the normalized values of the parameters presented in Figure 4-
8, the drop in PCE of the devices are affected by both the drop in Jsc and the rise in Rs. although
it must be noted that both are not necessarily independent phenomena. It is also clear that the
trends aren’t reversible meaning a permanent mechanical damage within the device has

occurred.

Starting with Js¢, the dramatic drop of Jsc in both 5 cm and 2.7 cm bending radiuses meant that
the mechanical degradation influenced either the efficiency of photon absorption of the
active layer or the collection of the generated holes and electrons. Thus, the mechanical
bending had either degraded the active layer, or effected the dissociation rate of the hole and
electron i.e; influencing by that the active layer itself or the interfaces between the active
layer and the HTL or ETL where even with a successful dissociation, the electron or hole might
not pass to their respective collecting layer. Meaning, a delamination might have occurred

between the active layer and either HTL or ETL.

As discussed, the dissociation rate depends on the interfaces between donor and acceptor
within the active layer, therefore, any mechanical deformation within the active layer that
could create some sort of fracture, would lead to a electron or hole trap would eventually
lead to reduction to the charge carrier transformation. Now consequently, there will be a
dramatic increase in Rs. However additionally, the mechanical bending could have affected the
contact resistance between the interlayers or an increase in the sheet resistance of the ITO
layer upon bending. Therefore, the next chapter will focus on investigating these aspects of
the device to further understand the effect of bending on the device performance. This will be
done by conduction a 4-point prob to the electrodes (Ag and ITO). Movingto Vo and FF (Figure 4-8c and e),
the stability of FF and Vo compared to the other parameters, indicates that there are no ohmic losses within
the device, this in return, validates the wiring system of the device throughout the test (See Chapter 3).
Although as mentioned, the sheet resistance of the electrodes will be measured, the stability of FF and Vcdo

give an initial indication that electrodes are not damaged mechanically.

70



In addition to that, all these changes are indicative of fact that the device is located either in the
compression or tension region within bending stress and is not located on the neutral axis. This
will be further confirmed via calculations and FEA simulation presented in Chapter 5. The
investigation started with obtaining a cross sectional images via Transmission Electron
Microscopy (TEM) show complete flexible device stacks before bending (Figure 4-9a) and after
100 bending cycles at bending radius of 2.7 cm (Figure 4-9b). In each case a distinct layer
structure can be resolved showing all device components. Through collaboration with the
group of Prof Thomas Anthopoulos (KAUST) efforts were made to study the evolution of
interface integrity and any evolution of microstructure following mechanical testing, in this
case utilising TEM. Unfortunately, issues associated with beam damage of the PET substrate

meant that delamination and/or deformation could not be observed.
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Figure 4- 9 Transmission Electron Microscopy (TEM) image of the flexible PET-based OPV structure, illustrating
the thicknesses of each layer, a) a reference flexible OPV that did not undergo any mechanical testing, b) flexible
OPV that underwent 100 bending cycles with bending radius of 2.7 cm
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The lake of answers in literature as to the changes within the flexible device performance
after and during mechanical deformation was the main drive of this work. In the next chapter,
a further investigation of each layer of the device will be carried out to further understand

the process of mechanical degradation.

4.4Conclusion

It was shown that the optical properties of PET based OPV is compatible to the glass. PET
based OPV devices were successfully fabricated under ambient conditions and device ambient
stability was investigated. The device ambient stability test showed that within 20 hours the
device is stable, allowing a window to mechanically test unencapsulated device under
ambient condition without having an effect of environmental ambient degradation. The 3-
point bending of the devices bending radiuses of 2.7 cm, 5 cm showed a dramatic decrease
in the PCE, Jsc which is associated with an increase in Rs. It also showed that most of the
mechanical damage occurred between 10 bending cycles and 50 bending cycles, after which
most parameters remained constant expect for Rs. The stability of both FF and Voc indicated
that the device’s temperature did not increase during the test and that there aren’t any ohmic
loess within the device indicating that the electrodes (Ag and ITO) are intact and it validates
the wiring system used. None the less, the overall trends of the device indicates that the
device dose not lay within the neutral axis. TEM was utilized to obtain visual evidence of
mechanical deformation within the device cross section, issues associated with beam damage
of the PET substrate meant that delamination and/or deformation could not be observed. To
further understand the effect of mechanical bending on the microstructure of the device,

each individual layer within the device must be examined along with the interface.
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Chapter 5

Understanding the influence of 3-point mechanical bending test on OPVs

5.1Introduction

In chapter 4, the evolution of performance parameters of flexible OPV under 3-point cyclic
bending tests were studied. Here the origins of the observed behaviour i.e. the underlying
reasons behind the mechanical deterioration and the effect of bending cycles and bending
radiuses were investigated. The devices were examined, starting with the electrodes, the
active layer, and the interfaces between the interlayers of the device. This was done by
utilising a novel in-situ system that tracks changes in resistance within a device while bending.
An in-situ bending of flexible OPV under illumination was also conducted to further
understand the changes in performance parameters when the flexible OPV is under bending
compared to when in flat conditions. The effect of encapsulation on the behaviour of the
device before and after 3-point bending was also investigation along with the use of FE

analysis,
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5.2 Examining the PET substrate and ITO layer.

The first step of the characterisation was to consider the ITO layer, recall this has a thickness
of 250 nm on around 0.21 mm PET. First the electrical properties were measured using a four-
point probe, whereby the sheet resistance was measured using as-received (reference) ITO
and using films that had undergone 100 bend cycles, of 10cm, 5 cm and 2.7 cm, the results are

summarised in Table 5-1.

Table 5- 1 shows the calculated sheet resistance of ITO after 100 bending cycles with three different bending
radiuses 10 cm, 5 cm and 2.7 cm. The reference sample did not undergo any mechanical testing and was
measured immediately after cleaning.

Bending radius Sheet resistance
Reference 13.6 Q/o
10cm 13.6 Q/O
5cm 13.6 Q/o
2.7cm 13.6 Q/o

From Table 5-1 it is clear that within the bending radiuses range investigated and the number
of bending cycles used in this work, the sheet resistance of the ITO appears not to be affected.
Lim et al. conducted a study to determine the flexibility of ITO on polysulfone (PES), PET and
PEN substrates under cyclic bending test, their study concluded that the conductive stability
of ITO electrode is significantly affected by Young’s modulus of substrate [147]. They
concluded that with lower values of Young’s modulus, the more resistive a substrate is to
plastic deformation when experiencing tension or compression. As such, PET has superiority
when compared to other candidates of plastic sheets due to its low Young’s modulus values
(see Table 2-1 in Chapter 2). Whilst different substrates were not investigated in the present

work the PET substrates underwent no visual deformation as discussed in Chapter 3, and the

74



consistency of the sheet resistance measurements confirm that the ITO underwent no
degradation. Another study reported that when a 3-point bending test was performed on
ITO/PET substrates it resulted in delamination and cracking of the ITO, where after 100
bending cycles with 2.5 mm bending radius, an increase of 50% of sheet resistivity of ITO was
noticed [148]. In which the PET thickness was around 0.127 mm and the ITO thickness was
around 200 nm. The study indicated that, such mechanical failure was attributed to the
flexural strain that the samples has experienced of around 1% tensile strain [148]. In order to
compare this to the work done in this thesis, the fractural strain must be calculated.
Nonetheless, the maximum strain equation in Chapter 2 (see Equation 2-7) does not represent
the actual flexural strain in case of a bilayer material such as PET/ITO substrates. However,
before calculating the flexural strain, it is important to note if the strain calculated is a tensile
or compression nature. Therefore, the location of the neutral axis must be calculated. The

location of the neutral axis

in a bilayer system with different Young’s modulus values can be calculated using equation 5-

1 where (b) is the distance from the outer surface to the mechanical neutral axis.

p= (tf+ts) (1+2n+xn%)
2 A4+n)(A+xn)

Equation 5-1

Where tf and ts are the thin film (ITO) and substrate thickness respectively and rc is the
bending radius, n is the thickness ratio between the film and the substrate and x is the Young’s
modulus ratio between the film and substrate respectively [149]. Thus, the terms are defined

as follow:

tr =0.00025mm ~ t; =021mm s x=—=—-7 S n=—=

Thus, according to calculation the location of the neutral axis is located at 0.11 mm from the
outer surface for the PET/ITO substrate used in this work. Meaning that the neutral axis is located
around the centre of the PET layer. This means that the ITO layer is experiencing tensile strain giving
the bending configuration used in this work (See Chapter 3, Section 3.4). Using Equation 5-2 the

flexural strain sustained by the ITO layer in this work can be calculated where r¢ is the bending radius.
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tf+ts) (1+2n+xn?)
2re 7 (1+m)(1+xn)

Ero = ( Equation 5-2

The calculated values of the flexural strain were 3.89x103 %, 2.11x103 % and 1.10x103 % for
bending radiuses of 2.7 cm, 5 cm and 10 cm respectively. These calculated values are smaller than
the strain values reported in the study mentioned above. Many papers have been published to
understand the electrical and mechanical reliability of ITO on PET substrates. Lim et al. preformed
another study to indicate a critical bending radius, above which ITO layer conductivity is
preserved. The paper concluded that for 150 nm thick ITO layer a bend radius of 6 mmis the lower
limit at which bending could occur without impacting conductivity [150]. The results determined
experimentally in the present work are thus consistent with the established literature and it can
be concluded that under the mechanical bend testing carried out that the electrical properties of
the ITO are preserved. Although Equation 5-1 can be further developed to locate the position of
the neutral axis for multilayer systems OPV an OLED devices [150-152]. It requires a heavy
mathematical modelling which is outside the scope of this work. In addition, for the OPVs
fabricated for this work, the active materials are new and their material properties such as
Poisson ratio and Young’s modulus are not yet established. Therefore, the work reported herein
will continue with the assumption based on multiple studies, that the neutral axis remains in the

flexible substrate [153-158].
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5.3 In-situ bending method of examining mechanical degradation of OPV’s interlayer and
their interfaces.

Following the analysis of the ITO layer and determination of the neutral axis position it is now
possible to explore the additional layers that comprise the completed device. In addition to
the organic active layer key properties of the hole- and electron-transport layer, MoOx and
ZnO respectively, and the completed devices will be probed. To achieve this, we developed a
novel three-point bending test that, in-parallel, allowed the in-situ measurement of change in

resistance.
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In general, for thin materials such as those within 100 nm thick and less, that are used in OPV
device fabrication for example, mechanical techniques such as four-point bending test
(sandwich beam test) and peeling test, provides information regarding adhesion properties
between the interlayers as illustrated in Chapter 2. In which a measurement of fracture
resistance can be obtained in the form of adhesion energy or peeling strength respectively
[159]. Although It has been suggested in literature that devices with adhesion energy lower
than 5J m2would lack mechanical resilience during manufacturing and operation [160, 161].
There is a lack of information as to how any of these quantitative values translate in a 3-point
mechanical bending test, in terms of bending radiuses and number of cycles along with the
device’s performance parameters, that’s in addition to the lack of these specific
measurements for OPV devices. Thus, comes the novelty and benefits of the in-situ bending

while measuring change in resistance. At which user will be able to track the changes

occurring within the flexible OPV devices’ interlayers in form of changes in resistance while
obtaining information regarding limits to bending radius and number of bending cycles. Thus,
here ZnO layer, MoOx layer and the full device will be examined utilising the in-situ bending

system.

Investigating ZnO layer

Prior to conducting the in-situ test, and to further understand the effects seen in Chapter 4,
PET/ITO/Zn0O sandwich structure, underwent 100 bending cycles with the 3 bending radiuses
in interest (10 cm, 5 cm and 2.7 cm). As no visual degradation i.e. macroscopic cracking could
be observed by eye, hence AFM imaging was carried out to probe the ZnO surface and
evaluate surface homogeneity and roughness. Figure 5-1 shows tapping mode AFM images of
ZnO surfaces. It is clear that the changes in RMS roughness of the ZnO only increases slightly
with reducing the bending radiuses at 100 bending cycles. This was good indication that the

ZnO layer remained intact, and AFM could not detect any cracks present.
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Figure 5- 1 Tapping mode AFM height images of PET/ITO/ZnO bent for 100 cycles at speed of 30 mm s to mimic
the experiment reported in chapter 4. a)PET/ITO/ZnO bent bending radius of 10 cm. b) PET/ITO/Zn0O bent

bending radius of 10 cm. c) PET/ITO/ZnO bent bending radius of 10 cm. The RMS roughness values are an
average of 5 different areas within the sample

Thus, it is important to examine the changes between the interfaces of ZnO layer with ITO and
Ag layers while bending. To do that, a 30 nm ZnO layer was spin coated onto PET/ITO
substrates and a 100 nm film of Ag was then thermally evaporated directly on top the ZnO
layer. A slow (2 mm s?) 5-cycles 3-point bending test was performed for bending radius of 2.7
cm, 5 cm and 10 cm whilst recording the resistance of the sandwich device. Assuming that the
neutral axis remains at the PET substrate, the following bending mechanism is predicted to

have occurred as shown in Figure 5-2, where the ITO, ZnO and Ag are under tensile strain.
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Zno =30 nm
Ag =100 nm
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Figure 5- 2 A schematic representation of bending mechanism of the sandwich device with the loading pin being
in contact with PET back surface. The point where the sample does not experience compression nor tension is the
assumed position of neutral axis.

The resistance of the sandwich device during bending was plotted against the distance moved
by the loading pin for 5 cycles. Results for bending radius of 2.7 cm, 5 cm and 10 cm are
presented in Figure 5-3. Before analysing the results in Figure 5-3 it should be noted that the
initial resistance values differ between samples. This is attributed to the wires connectivity
issues to the external circuit, discussed in Chapter 3. Whilst it would have been better to have
comparable initial values it is in-fact the overall change in resistance and the trend of changes
during bending that are of interest here. It is also important to note that owing to the rate
and number of data acquisition and facilities access as this experiment was done at Queen

Mary University, we could not preform beyond 5 cycles for the in-situ test.

Looking at Figure 5-3, and considering first the films that underwent a 10 cm bending radius
there is an observed increase in resistance during bending which is rather small, over the 5
cycles the resistance increases by around 1 Q. Interestingly there is a greater increase, around
6 Q after the first bending cycle but this appears to be reversible and overall, it can be
concluded that at 10 cm bending radius the sandwich structure does not undergo significant,
irreversible change in resistance. Thus, it is a good indication that at 10 cm bending radius no
damages to the interface in observed nor to the ZnO layer itself. Reducing the bending radius
to 5 cm results in more significant increases in resistance. During the 5 cycles the resistance

increases by around 85 Q, however, reversibility in resistance is also noticed. To have a clear
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visualisation, each cycle was plotted individually and is presented in Figure C-1 in Appendix C.
At the 2.7 cm bending radius, an overall increase of resistance of around 75 Q was measured,
interestingly here the data are resolved and the changes in resistance during each loading
cycle can be clearly observed. The resistance increases on loading and unloading however the

magnitude of the change reduces with bending cycle.
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Figure 5- 3 Shows changes in the resistance of the sandwich device during bending. The negative signs in the
loading pin position indicated the downward movement. When the loading pin is at 0 mm, the sample is flat.
Loading pin position of 7.9 mm, 15.3 mm and 25 mm correspond the bending radiuses of 10 cm, 5 cm and 2.7 cm
respectively.

As no damages to the ZnO layer was detected using AFM, it can be concluded that the changes
in resistance experienced with both 2.7 cm and 5 cm bending radius are attributed to a defect
within the interface between ZnO with either ITO or Ag layer such as delamination. Although
no data reported in literature as to the effect of bending in general on the interface of ZnO
and ITO, it has been reported that the peeling strength of ZnO layer on top of ITO layer can
be increased with a short O;-plasma or UV-ozone treatment [162, 163]. A paper has suggested
that exposing ZnO layer to UV-ozone treatment for 2.5 minutes lead to an increasing in the
peeling strength from 0.5 N cm™ to 7 N cm™ using T-peel test[115]. Literature suggests that
this improvements in adhesion between ITO and ZnO after the exposure of either O;-plasma

or UV-ozone is associated with the removal of surface alkyl groups [164-167]. These alkyl salts
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are present in commercial ZnO dispersions and are often result in poor interaction with oxide

surfaces, including ITO, leading to poor adhesion.

As discussed in Chapter 3, the ZnO layer fabricated for this work, underwent a 5-minute
UV-ozone treatment. This was done to enhance the surface properties to improve wettability
of the ZnO before depositing the active layer. This agrees with the literature where it has been
reported that UV-ozone exposure of ZnO layer leads to hydrophilic surface with nearly zero
degree contact angle for water [168]. Figure 5-4 shows the effect of UV-ozone treatment on
ZnO layer for 5 minutes on the contact angle measurement with the active layer solution

made for this work. The contact angle measurements were conducted by Matyas Daboczi.

a) b)

e —
Contact angle: 13° Contact angle: 3°

Figure 5- 4 shows the effect of UV-ozone treatment on ZnO layer for 5 minutes with the droplet being the active
layer solution (PCE12:ITIC). a) Before UV-Ozone treatment and b) after the UV-ozone treatment. The UV-Ozone
treatment resulted in a more hydrophilic effect on the ZnO layer.

To further examine the changes of bending behaviour on ZnO layer with ITO interface, the
same experiment was repeated twice but, without the 5 minutes UV-ozone treatment to the
ZnO layer. Figure 5-5, illustrates the in-situ experiment with 5 cm bending radius without UV-
ozone treatment to the ZnO layer. In which it is clear that when literature reported low peeling
strength for ITO/Zn0O interface, the in-situ system introduced in this work, recorded resistance
overload within the second cycle of bending radius of 5 cm at which delamination occurred.
Whereas, after the UV-ozone treatment (going back to Figure 5-3), at 5 cm bending radius, the
change in resistance is reversable at 5 cm bending radius, and at 2.7 cm bending radius, the
magnitude of change in resistance reduces with bending cycles. Thus it can be concluded that

a within the devices fabricated in this work, upon bending with 2.7 cm and 5
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cm bending radius, the interface with ZnO/ITO did not cause the mechanical degradation of

the devices observed in Chapter 4.
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Figure 5- 5 Shows changes in the resistance of two sandwich devices (a and b) during bending with bending
radius of 5 cm (PET/ITO/ZnO/Ag) without exposing the ZnO layer to UV-ozone treatment. The negative signs in
the loading pin position indicated the downward movement. When the loading pin is at 0 mm, the sample is at a
flat position.

Additionally, these results prove the reliability of the novel in-situ bending system introduced
in this work. In which it became clear that users can track the maximum bending cycles an
interface can withstand for a given bending radius, and it aligns with reported peeling strength
values reported with literature. It must be noted that the resistance cut-off values in the y-axis
in Figure 5-5, was not done manually. As these were the last recorded resistance value by the
Keithley digital multi-meter before the overload was recorded. In this case the overload

resistance value was 10 kQ.

Although the ZnO/Ag interface won’t be present in the completed devices reported here, it is
important to rule out the possibility that delamination at this interface is influencing the
results obtained during in-situ bend testing presented above. According to literature, It has
been reported that at around 3 GPa of tensile stress, delamination occurs between ZnO/Ag
interface, which was obtained using nano-indentation technique [169-171]. Although the
finite element (FE) analysis shown later in this chapter will only simulate the stress distribution
experienced by the substrate during bending, the simulations will indicate that for the

mechanical bending done in this work, the maximum stress distribution through the
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sample is below GPa range. Thus, it is believed that the ZnO/Ag interface is enact within this
experiment. Therefore, by on the in-situ bending system, and from the AFM analysis carried
out for ZnO layer, it can be concluded that the overload of resistance seen in Figure 5-5 is
attributed to the interface between ZnO/ITO, which was enhanced upon UV-ozone treatment
of 5 minutes as indicated in Figure 5-4. Thus, it is believed that mechanical degradation the
OPV experienced and reported in Chapter 4 where not caused by ZnO layer nor its interfaces

with Ag and ITO.

Investigating MoOx layer

Similarly to the case of ZnO, PET/ITO/MoOx sandwich structure, under went a 3-point bending
test of 100 bending cycles with the three bending radiuses 10 cm, 5 cm, and 2.7 cm in order
to investigate its change in morphology and surface quality after bending. Figure 5-6 shows
the film morphologies observed for each bend condition for 100 bending cycles along with

the RMS roughness values.

a)r,=10cm b)r.=5cm cjr.=2.7cm
T == . . 23
=
3
L9 . ".ﬂtﬂﬂ' f | P . 0
RMS = 2.78 nm RMS =3.9 nm RMS = 3.8 nm

Figure 5- 6 Tapping mode AFM images of PET/ITO/MoOx bent for 100 cycles at speed of 30 mm s™* to mimic the
experiment reported in Chapter 4. a)PET/ITO/MoOx bent bending radius of 10 cm. b) PET/ITO/MoOx bent
bending radius of 10 cm. c) PET/ITO/MoOx bent bending radius of 10 cm. The RMS roughness values are an
average of 5 different areas within the sample

It is clear from the AFM images that no significant observable changes in surface morphology

or roughness occurs during 100 bend cycles for any of the bend radiuses investigated.
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Similarly, no defects i.e. cracks were observed. From there, the in-situ bending test was
conducted to further understand the effect of bending on the interface of MoOx with ITO and
Ag. In which a sandwich device of PET/ITO/MoOx/Ag was fabricated, Figure 5-7 shows a
schematic representation of the bending mechanism of the sandwich device. Figure 5-8,

shows the change in resistance of the device during bending.

compression PET = 0.21 mm
ITO =250 nm
MoOx =10 nm
Ag =100 nm
Tension

Figure 5- 7 A schematic representation of bending mechanism of the sandwich device (PET/ITO/MoOx/Ag) with
the loading pin being in contact on the PET side. The point where the sample does not experience compression
nor tension is the assumed position of the neutral axis.
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Figure 5- 8 The change in the resistance of the sandwich device (PET/ITO/MoOx/Ag) during bending. The negative
signs in the loading pin position indicated the downward movement. When the loading pin is at 0 mm, the
sample is flat. Loading pin position of 7.9 mm, 15.3 mm and 25 mm correspond the bending radiuses of 10 cm, 5
cm and 2.7 cm respectively.
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Considering first the data for the 10 cm bend radius. It appears there is a very small ~ 2 Q
increase of resistance during loading that is reversible when the load is removed. At bending
radius of 5 cm, the overall increase in resistance is around 26 Q, however, it is clear that
beyond 2 cycles, there is no changes in resistance is observed. This could indicate that no
mechanical degradation is being experienced by the sandwich device during bending with
bending radius of 5 cm. When moving to the 2.7 cm bending radius, the overall recorded
increase in resistance with bending is around 65 Q, and unlike the case of 5 cm bending radius
there is no stabilisation observed in this bend regime. Thus, further investigation is required,

to further understand the behaviour of MoOx under bending. However, as mentioned before,

owing to the rate of data acquisition and facilities access, we could not preform beyond 5

cycles for the in-situ test.

Within a full device structure, the interface of interest in this case is MoOx/Ag layer and
MoOx/ITIC:PBDP-T. Although multiple publications have studied the interface adhesion
interface of devices with MoOx layer as a HTL [146, 172-178]. None have reported a weak
interface between MoOx/Ag nor an interface adhesion energy value in any of the tests
reported. Nonetheless, there remains two interfaces of interest which are ZnO/ITIC:PBDP-T
interface and ITIC:PBDP-T/MoOx interface. Thus, the same analysis of in-situ bending while
measuring the resistance was tested on the full device. This would help look at the entire

device system while also further investigate the interfaces in interest.
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Investigating the entire OPV structure

In here, the complete OPV device underwent the in-situ bending system. Figure 5-9 shows a
schematic representation of the bending mechanism of the sandwich device. Figure 5-10,

shows the change in resistance of the device during bending.

PET =0.21 mm

=250 nm
=30nm

=100 nm
=10 nm
=100 nm

ITO

Figure 5- 9 A schematic representation of bending mechanism of the OPV used in this work with the loading pin
being in contact with PET layer. The point where there the sample does not experience compression nor tension
is the assumed position of the neutral axis.
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Figure 5- 10 The change in device resistance (PET/ITO/ZnO/ITIC:PBDP-T/MoOx/Ag) during bending. The negative
signs in the loading pin position indicated the downward movement. When the loading pin is at 0 mm, the
sample is flat. Loading pin position of 7.9 mm, 15.3 mm and 25 mm correspond the bending radiuses of 10 cm, 5
cm and 2.7 cm respectively.

From the data collected in Figure 5-10, at 10 cm bending radius the overall change in
resistance is around 2 Q. Such small change in resistance aligns with changed observed in ZnO
and MoOx sandwich devices for 10 cm bending radius. Moving to 5 cm bending radius, an
overall increase in resistance of around 880 Q is recorded, this increase is consistent with each
bending cycle and non-reversable. At 2.7 cm bending radius, the first cycle led to a jump in
resistance by around 30 q, and by 70 q after the second cycle. However, by the third cycle,

the device resistance overloaded. In order to ensure that such overload, is not due to wiring
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issues or wire contact damage, the sample was brought back to flat conditions and the same
pixel was measured again; the overload occurred at around 20 mm within the first half of the
first cycle (See Figure 5-11a). Upon testing a new sample, in order ensure repeatability of the
data and thus confirm the findings, it was found that resistance overload occurred at the start
of the second half of the first cycle (see Figure 5-11b). Although resistance overload occurred
earlier, it is clear that it is a feature related to radius of 2.7 cm. From Figure 5-11a, it can be
concluded that when the sample is back at flat conditions, the resistance overload is reversible
until bending starts again for the same pixel. This could be an indication of delamination
feature, where upon bending the sample, the delaminated area is back in contact, and once

bending continues, the separation between the two interfaces occurs again.

a) b)
1200
- 820
— r.,=2.7cm — r.=2.7cm
- 1050 @ L )
g 800 =
5 5
e r 780 —
- 900 © o
c c
g - 760 g
- 750 P Ei
o F 740
I 600 - 720
T T T T T T T T 700
T T T T T T T T 450

26 -23 -20 -17 -14 -11 -8 -5 -2
Loading pin position (mm)

26 -23 -20 -17 -14 -1 -8 -5 -2
Loading pin position (mm)

Figure 5- 11 The change in the resistance of the device (PET/ITO/ZnO/Active layer/MoOx/Ag) during bending with
bending radius of 2.7 cm. a) repeated analysis of the same sample tested at Figure 5-10 for bending raids of 2.7
cm, shows reversibility of the resistance overload when the sample is brought back to flat condition. b) A new
sample was tested at bending radius of 2.7 cm.

By measuring the whole device via the in-situ system, two new interfaces have been
introduced, ZnO/ITIC:PBDP-T and MoOXx/ITIC:PBDP-T. According to literature, the peeling
strength of ZnO/P3HT:PCBM has been reported to be around 7 N cm™ . Whereas, the peeling
strength of MoOx/P3HT:PCBM is around 0.9 N cm™ which were determined via T-peel test

[115]. Additionally, by comparing the in-situ results of MoOx sandwich structure (Figure 5-8)
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and the full device (Figure 5-10) at 5 cm bending radius specifically, we can conclude that the
increase in resistance is not caused by a weak Ag/MoOx interface. And thus, by referring to
of peeling strength in literature, it can be assumed that the resistance overload recorded at
2.7 cm bending radius, and the continues increase in resistance at 5 cm bending radius, is
arising from the weak interface between the active layer and MoOx which translate into
delamination at 2.7 cm bending radius. Ideally, an adhesion energy test or peeling strength
should be associated with the in-situ bending system presented in this work to further confirm
these week interfaces.

To further confirm this, a sample of flexible solar cell was laminated and then the top layer of
the laminate was removed to mimic the performance of a peeling test manually, Figure 5-12

show clearly the layers that were removed with the top layer of the laminate.

0scC
Active layer —

Laminate

Figure 5- 12 a) The full device structure is shown after encapsulation. In b) and c) are the results of removing the top
layer of the laminate i.e.; performing a manual peeling test. b) (bottom layer) shows what remained in the lower part
of the laminate after peeling, showing a full coverage of the active layer. c) (top layer) shows the layers that were
peeled with the top layer of the laminate; it clearly shows the complete removal of the silver electrode; it is also clear
that there is an additional layer on top which is lighter in colour than the silver electrode which is believed to be the
MoOx layer (marked by x) where the layer on top Silver is marked with y.
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The manual peeling test that was performed on the encapsulated device (Figure 5-12a) shows
clearly that after peeling the top layer of the laminate, the entire silver electrode was removed
(see Figure 5-12c) however, it is also clear that within the silver electrode there is an additional
layer removed which is lighter in color (marked in x) on top of the silver layer. This layer is
believed to be the MoOx layer. Further confirming that the week interface is between MoO
and the active layer. This is supported by the fact that the active layer seem intact and not
damaged after the peeling test (see Figure 5-12b). For future work, it is recommended to

utilize EDX to further confirm the composition of the top part of the laminate.

As indicated in Figure 5-13, Optical microscope was again utilized, to further visualise the
effect of 100 bending cycle on the active layer with the three bending radiuses of 2.7 cm, 5

cm and 10 cm and thus, relating it to the results obtained in chapter 4.
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r.=10cm

r.=5cm

r.=2.7cm

Figure 5- 13 Optical microscopic images of the active layer (ITIC:PBDP-T) after 100 bending cycles at the speed of
30 mm st with three different bending radiuses of 10 cm, 5 cm and 2.7 cm. The square images were taken with
2.5x magnification, the magnified images in the circles were taken with 100x magnification. The green marks
highlight the small scratches while the white arrow highlights the initiation of the new striation marks.
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Although no visual damage to the active layer was observed after the in-situ experiments, it
was important to examine the active layer after 100 bending cycles, to further understand the
effect of bending on the active layer and on the overall performance of the device (See Figure
4-8). From Figure 5-13, it was clear that the bending radius had a clear effect on the active
layer quality. At 10 cm bending radius, the active layer seems intact, and no damages are
observed. At 5 cm bending radius, small scratches are observed (marked in green) which is
believed to be due to handling the sample as they are not seen in any other samples. In
addition to that, and minor striation are observed. The white arrows show what could be a
start of these striations. At 2.7 cm bending radius, the striation appears to increase and are
segregated. It is believed, that beyond 100 bending cycles or at a lower bending radius, these

striations could lead a rupture and thus, damaging the active layer more severely.

Literature suggests that when blending a small molecule (SM) based acceptor such as ITIC,
with polymer donor to form a BHJ, the small molecules acceptors are likely to act as anti-
plasticizer that embrittles the BHJ blend [179-182]. A property that is undesired in flexible
devices. At which SM-based acceptors tend to segregate within the BHJ and do not form
connected ties and bridges with the polymer donor allowing for weak interaction leading to
lower adhesion energy between donor/acceptor and thus, resulting in a brittle active layer.
Although the mechanical properties behaviour of the BHJ blend used in this work is not
reported in literature nor their behaviour during bending tests, the ITIC adhesion energy with
PTB7-Th'is reported to be around 1.9 J m2 [183]. When comparing SM-based acceptor with
polymer acceptor for flexible OPV BHJ blends, it has been reported that a threshold of critical
molecular weight of the polymer acceptor is required to ensure a robust mechanical
behaviour, this critical molecular weight ranges between 45 and 104 kg mol, above which
significant enhancement in the adhesion energy is reported [104, 183, 184]. This is because,
polymers with molecular weight higher than the critical value (45 and 104 kg mol!), introduce
tie molecules and a network of entanglement chain between the polymer donor and acceptor.
Thus, it would require a high strain energy to fracture the BHJ, making the active layer more

ductile [183-185].

fPoly([2,6'-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-
ethylhexyl)carbonyl]thieno([3,4-b]thiophenediyl}),
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Thus, one can hypothesis, the mechanical behavior of SM-based acceptor within a BHJ could
explain the striations appearing at 5 cm and 2.7 cm bending radiuses, where they could
indicate a crack/rupture initiation spot. However, it is clear that the directions of the of the
striation are not within the bending axis (x-axis), thus it is clear that what initiated the striation
could have been a pressure point either due to temperature variation during the fabrication
process or mechanical treatment (see Chapter 2) while handling the sample or wiring it. Thus,
although the bending radius had a clear effect of these striations, it is important to note the
point of origin of these marks.

From this work it can be concluded that the effect of 3-point bending test on the OPV
fabricated in this work (features observed in Figure 4-8 in Chapter 4), are believed to be
attributed to two possibilities: the weak MoOx/ITIC:PBDP-T interface resulting into
delamination, which resulted in dramatic increase in Rs with increasing bending cycles and
reducing bending radiuses. This became clear from the in-situ bending system once the full
device was examined, and an overload of resistance occurred at 2.7 cm bending radius and a
continuous increase in resistance with higher magnitude per cycle at 5 cm bending radius. In
addition to the manual peeling test which clearly show a layer on top of the silver on the top
part of the laminate and the fact that the active layer remained intact. The second possibility
is damages to the active layer itself. Where, At 100 bending cycles, via the use optical
microscope, striations were observed at 5 cm bending radius which became more prominent
and segregated at 2.7 cm bending radius. In device performance parameters, it is believed that
these striations could cause drop in Jsc values with bending cycles and lower bending radiuses.

At which such morphology/feature could affect exciton separation efficiency.

The advantages of the novel in-situ bending system introduced in this work, allow for better
understanding as to what happens to the device upon bending in terms of its optoelectrical
properties. Although the system does not produce a definite quantitative result, such as
peeling strength or adhesion energy. It does provide information related to the evolution of
the interlayer and interfaces upon bending. Meaning, when relaying on 3-point bending test
to quantify the degree of flexibility of a device, information such as peeling strength or

adhesion energy does not provide data as to the limits of bending cycles and bending radiuses.
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5.4 in-situ bending under illumination

Once a clear understanding has been developed around the effect of 3-point bending test on
the OPV performance parameters, we wanted to understand the behaviour of the OPV when
it is under bending, compared to when it is flat under illumination. It is worth mentioning that
an attempt of recording the OPV J-V performance under compression during illumination on
flexible glass substrate have been reported once in literature. However, the quality of the OPV

devices did not allow for appropriate conclusion (more information can be taken from [186]).

Nonetheless, within work of this thesis, to conduct a 3-point bending experiment under
illumination, it meant that the transparent side of the PET must be directly under the solar
simulator, meaning that the loading pin had to be removed. Therefore, a replacement to the
loading pin set up had to be found. Thus, a hydraulic robotic arm was assembled (acquired
from CONSTRUCT & CREATE Ltd) to function as the loading pin, while the device was lightly
held by clamps to allow for bending (see Figure 5-14). More information regarding the

hydraulic robotic arm range of motion and design can be obtained from Appendix D.
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Figure 5- 14 Show the in-situ set up of 3 point bending system for flexible OPV to further understand the
difference in device behaviour in both bending and flat conditions. a) shows the hydraulic robotic arm, holding a
red block (marked with green) that functioned as the loading pin within a 3-point bending test. b) show the red

clamps that acted as the support pins within the 3-point bending test and allowed the device to remain flat. In
here the clamps were not tightened to not introduce any stress on the device or any movement. c) top view of the
device under bending after removing the loading pin and slightly tightening the greps to hold the device under
bending. d) device under illumination while bent.

Due to the nature of the set up, upon testing for 2.7 cm bending radius, the flexible OPV would
snap-off of the red clamps that were holding the device. Thus, to ensure stability of device
within the set up during measurements, the test here focused on bending radius 5 cm. The
experiment followed the following steps: 1) First step was wiring the flexible OPV, using the
same method described in Chapter 3. 2) The device was held by the clamps, being in flat
conditions and the J-V curve was recorded under illumination (Figure 5-14b). 3) The hydraulic

arm with the red block (loading pin), was brought in contact at top of the OPV device (under
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the solar simulator), bending the OPV with bending radius of 5 cm, thus moved downwards a
distance close to 15.3 mm which was confirmed at each bending stage with digital calliper.
(Keeping in mind errors associated with measuring in a delict system) 4) The robotic arm
would then be removed, and the bent device would be held in place simply by tightening the
red clamps (see Figure 5-14 c and d). A J-V curve would then be recorded while the device is
under bending. The stress introduced by slightly tightening the clamps does not affect the
device as they it is localised to the side of the substrate. 5) The hydraulic arm would then go
back in contact with the device, the clamps will be loosened, and with the help of the hydraulic
robotic arm and loading pin, the device would unload and taken back to flat position. Figure
5-15 show the normalised values of the device performance parameters in flat and bent

conditions. J-V curves along with normalised values of Rsh can be found in Appendix E.
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Figure 5- 15 shows the normalised values of flexible OPV performance parameters underwent in- situ bending
under illumination where on the left the flexible OPV was flat. On the right the flexible OPV was at maximum
bending with bending radius of 5 cm.
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When comparing the results in Figure 5-15 to the results in Figure 4-8 (the OPV’s performance
parameters that were measured flat after 10, 50 and 100 bending cycles). With Js, the drop
was 50% less sever, this could be attributed to the fact that the active layer is intact as no
evidence of striation were noticed within the in-situ bending under illumination. The
hypothesis in here is that the absence of the loading pin being constantly in touch with the
sample during bending, could reduce the forces experienced by the sample and thus, keeping
the active layer intact. Figure 5-16 show the optical microscopic images of the active layer

after the institute test.

Figure 5- 16 Optical microscopic images of the active layer after the in-suit test of bending under illumination with
bending radius 5 cm. The images were taken with 2.5x magnification. The small starches is believed to be due to
handling the flexible solar cell.

Upon comparing the results of the in-situ while bending, which the results in Chapter 4 (Figure
4-8), it is clear that FF has similar trend, whereas V. dropped by around 20% more, this could
be attributed to increase in temperature of the device, giving the number of times the solar
simulator was operating during each J-V reading. Nonetheless, the drop in PCE in here is
clearly associated with increase in Rs. Which can be explained by delamination process, which
is now is understood to be between the active layer and MoOx layer, preventing an efficient
hole extraction process which will also cause a drop in Jsc. From the in-situ bending system it

was understood that the delamination could have a reversable effect upon bending of the
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device, this explains the fluctuations noticed in Rs in Figure 5-15, and also the improvements
of Jsc when the device is under bending. Thus, if we assume that within the set-up introduced
here and bending radius of 5 cm, the delamination spot is back in back in contact when under
bending, then Rs will reduce and Jsc will increase. However, as the performance of OPV under
bending under illumination isn’t investigated well in literature, further analysis is required to

understand the improvement of Jsc under bending.

5.5 Encapsulation of flexible OPV via laminating technique.

Due to the high Young’s modulus values of the materials involved in fabricating the OPVs, and
the big difference in thickness between the substrate and the thin films within the OPV and
with the absence of encapsulation, the neutral axis often lies within the flexible substrate
instead of the midplane of the entire device. Nonetheless, according to literature, it has been
demonstrated that upon introducing a sandwich encapsulating system, compressing by that
the substrate and the thin films, the bending radius can be further reduced without damaging
the device. At which, encapsulation would allow the movement of the natural axis towards
the stiff, brittle thin films i.e, to the midplane [187]. The neutral axis will be within the

midplane of the device if the following term is achieved [149].

Ests2 = Eetg

Where E;s and ts are the Young’s modulus and thickness of the substrate, respectively, and Ee
and te are the Young’s modulus and thickness of the encapsulation material, respectively. In
this work, both the substrate and encapsulation are of the same materials, PET. Thus, Es and
Ec are the same with the value of 2.7 GPa. The thickness, however, slightly varies as the
thickness of the substate is 0.21 mm and the thickness of the encapsulation (laminating sheet)
is 0.15 mm, with 0.075 mm at top and bottom of the device. However, before encapsulation,
It was important to ensure that the lamination technique and the bonding agent within the

laminating sheets, would not hinder the light transmission to the PET/ITO substrate. Figure 5-
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17 shows the transmittance spectra of the PET/ITO substrate before and after lamination i.e,

encapsulating.
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Figure 5- 17 Transmittance spectrum of PET/ITO before encapsulating (in black), the encapsulated PET/ITO (in
red), and the encapsulate material (sheet) alone (in blue).

As Figure 5-17 indicate, the addition of the encapsulate did not hinder the optical transmission
of the PET/ITO substrates. The overall transmission is appropriate for an OPV application. An
appropriate wiring system was also important to establish to allow for proper encapsulation.
The first method was utilizing silver paste to connect thin wires to the electrodes. Figure 5-18

shows the J-V curve of before and after encapsulation.
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Figure 5- 18 J-V curve of a flexible OPV before encapsulation (in red) and after encapsulating (in orange).On the
right, a picture of encapsulated OPV, utilising silver paste to connect the wires to the electrodes. The red circle
shows the wires of one of the electrodes snaped off and issues associated with silver paste.

Table 5- 2 shows the performance parameters of flexible OPV before and after encapsulation, using silver paste to
connect the wires.

-’sc Voc FF PCE Rs Rsh

(Acm?) (V) (%) (o) ()
Before encapsulation -16.4 0.88 0.50 7.3 9.57 351.9
After encapsulation -11 0.88 0.31 3 52.22 | 408.1

The J-V curves in Figure 5-18 and the performance parameters in Table 5-2 indicate that using
silver paste is not suitable, as the PCE dropped from 7.3% to 3%. This drop in PCE which is
associated with increase in Rs was attributed to the weak contact, as the silver paste did not
attach the wire the electrodes properly and it was hard to control the area that the silver
paste would stay on, and thus connecting multiple pixels together. Another issue with silver
paste, silver paste would always dry thin and brittle, thus, any movement to the device would

lead the wire to snap off and break as shown in Figure 5-18. Therefore, silver paste was
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eliminated. Silver epoxy was also considered as it is a good candidate for applications
requiring flexibility coupled with good electrical properties, however, epoxy resin requires
annealing process at 50 °C for 5 minutes to dry, a process that was avoided as it could change
the device interlayer’s morphology and will not allow for clear comparison with device
fabricated before encapsulation. Thus, the wiring process illustrated in Chapter 3, section 3.3
was adopted via the use of conductive tape, carbon paste and hot soldering. once the wires
were connected, the device was encapsulated, and underwent continuous 100 bending cycles
at a bending radius of 2.7 cm. Figure 5-19, illustrate the process bending and measuring the
encapsulated devices. Figure 5-10, illustrates the J-V curves of three flexible OPVs before

encapsulation, after encapsulation and after 100 bending cycles with bending radius of 2.7

cm.

Figure 5- 19 A final encapsulated cell, b) the encapsulated cell under bending with bending radius of 2.7 cm with
up to 100 bending cycles, d) the encapsulated cell under illumination after bending.
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Figure 5- 20 J-V curves of two flexible OPVs before encapsulating (in black) after encapsulating (in red) and after
100 bending cycles at bending radius of 2.7 cm (in blue).

Table 5- 3 Shows the performance parameters of flexible OPVs before and after encapsulation and after 100
bending cycles of encapsulated device with 2.7 cm bending radius.

Jsc Voc FF PCE Rs Rsh

(A/em?) (V) (%) () (@)
Flexible OPV Before encapsulation -14.9 0.85 0.47 6.0 15.6 317.2
(A) After encapsulation -15.0 0.74 0.44 4.8 17.9 120.5
After 100 bending cycles -15.3 0.73 0.41 4.5 19.3 149.9
Flexible OPV Before encapsulation -12.4 0.84 0.43 5.1 12.0 400.3
(B) After encapsulation -13.6 0.78 0.40 4.2 19.2 208.1
After 100 bending cycles -15.4 0.65 0.39 41 22.3 133.1
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As Figure 5-20 and table 5-3 show, the drop in PCE and the rise in Rs were not as severe as the
case before encapsulation. So, although there is a difference of 0.06 mm in thickness between
the substrate and the encapsulation sheet, the neutral axis did seem move towards the
midplane of the device, and thus protecting the brittle interlayer with weak adhesion from
any sever damages. It was also clear that the Rs increased after the encapsulation, which could
be a result of the wiring system. A clear drop in Voc and Rsh were noticed after encapsulation
along with a slight drop in FF. Thus, it is believed that upon encapsulation a shunting path was
created, which could have resulted from the heat experienced by the device during
encapsulation process. Therefore, although further work is required to understand what
happens to the device upon encapsulation, we assume that bending in this case had minimum
impact to the device performance. In addition, it was clear that there is an increase in Jsc values
after encapsulation and after 100 bending cycles which is more predominant in flexible OPV B.
These results seem like an anomaly and further investigation is required. It is also worth
mentioning that, when conducting this experiment, the device fabrication process, the
encapsulation process, and J-V measurements were done at one campus (White city campus),
while the mechanical bending tests were done at another campus (South Kensington
campus), meaning the device had to be transported back and forward between the two
campuses. Thus, although ambient stability test was not performed on an encapsulated
device. Travelling between campuses (1 hour apart) without the use of vacuum sealed

container could lead to some degradations.
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5.6 FE analysis of the effect of encapsulation

FEA was carried out to further understand the effect of bending and visualise and obtain
values of stress distribution the samples in this work underwent bending before and after
encapsulation. Acknowledgements to Gorge Morgan who helped conducting these
simulations. As indicated in Chapter 3, that in this simulation only the substrate and the
encapsulate were taking into consideration. This was done because the simulation
programme used was not able to sustain simulating bending for thin films within nm range of
thickness. Figure 5-21 show the results of the simulation from a front and top view. In the
unencapsulated scenario, as the bending radius reduces, the distribution of high Von Mises
stress across the upper surface increase as well. This was expected as higher forces were
required to bending the device further. The forces extracted from the simulation required to
bend the unencapsulated substrate were 0.134 N, 0.260 N and 0.425 N for bending radius of
10 cm, 5cm, and 2.7 cm, respectively (See chapter 3, Section 3.4). It is also clear that once the
substrate was encapsulated, a higher stress distribution was noticed at bending radius of 5
cm. This was expected as increasing the thickness will require higher force of bending. The
forces required to bend the encapsulated substrates are, 2.016 N, 1.234 N, and 0.637 N for
bending radius of 2.7 cm, 5 cm, and 10 cm, respectively. Nonetheless, the stress distribution
on the top surface of the device was always bound to be higher, as it is direct contact with the
loading pin. However, the main interest in here is the distribution of the stress vertically across
z-axis, to further understand the stress that the device is experiencing. This is because the OPV

would be fabricated on the lower edge of the substrate.
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Figure 5- 21 The simulated results of unencapsulated substate under bending with three different bending
radiuses of 10 cm, 5 cm and 2.7 cm with loading force of 0.134 N, 0.260 N and 0.425 N, respectively. On the right
are the simulated results of an encapsulated substate under bending with three different bending radiuses of 10

cm, 5cm and 2.7 cm with loading force of 2.016 N, 1.432 N, and 0.63 N respectively. The colour gradient refers
to the Von Mises stress distribution.
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Figure 5-21 shows the simulated stress distribution z-axes of the substrate before and after
encapsulation. This was of an interest because at the lower edge of the substrate, is where
the OPV will be fabricated. Thus, it was important to know the tensile stress the device would
be experienced when not encapsulated. Starting with 10 cm bending radius in, in the
unencapsulated scenario, the stress distribution across the substrate, is around 0.5x10” N m"
2 across the entire sample thickness. Meaning the results of device performance obtained in
this work related to 10 cm bending radius were not affected by such value of tensile stress.
However, once the encapsulate was add, although the stress distribution increased
throughout the thickness of the substrate of around 1.5x107 N m?, which is expected due to
the increase of thickness. The neutral axis (blue line) can be seen passing through what seems
like the midplane. The blue line indicates an area with the stress at that plane is O, i.e; neutral
axis. At 5 cm bending radius, in the case of un-encapsulation, the stress distribution though z-
axis of the substrate and more specifically at the lower edge of the substrate, is around

2.5x107 N m=2. However, upon encapsulation, a clear blue line (neutral axis) passes by what
we are expecting the device will be pushed at after encapsulation. At 2.7 cm bending radius,
the substrate experiences stress of around 3.5x10” N m without encapsulation In the case of
encapsulation, although the neutral axis (blue line) is not very clear here when looking at
Figure 5-22, it shows a very clear stress distribution under bending, where below the neutral
axis, at the very end, the sample experiences maximum tensile stress, and above the neutral
axis, where the loading pin is in direct contact, the sample experience maximum compression
stress. Thus, the gradient change of stress distribution between the two ends, is where the
neutral axis is located. This proves the theory we speculated at Section 5.5 of this work. Where
encapsulated OPV performance parameters were compared to before encapsulation and
before 100 bending cycles at 2.7 cm bending radius, at which, the degradation of the device
performance after bending was actually a continues effect of the shutting path created by the
encapsulation technique used in this work i.e, degradation due to lamination and not due to

mechanical deformation.
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Figure 5- 22 A zoomed view of the simulated results to observe the change in stress distribution along z-direction,
of unencapsulated substate under bending with three different bending radiuses of 10 cm, 5 cm and 2.7 cm with
loading force of 0.134 N, 0.260 N and 0.425 N, respectively. On the right are the simulated results of an
encapsulated substate under bending with three different bending radiuses of 10 cm, 5 cm and 2.7 cm with
loading force of 0.63N, 1.234 N, and 2.016 N respectively. The colour gradient refers to the Von Mises stress
distribution
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5.5Conclusion

In this chapter, answers as to the causes of flexible OPV mechanical degradation due to 3
point bending test under three bending radiuses of 2.7 cm, 5 cm and 10 cm discussed in the
previous chapter was obtained. The neutral axis position was calculated which was at around
0.11 mm from the surface of the PET/ITO substrate. The tensile flexural stain that the ITO
experience upon bending was also calculated to be around 3.89x103 %, 2.11x103 % and
1.10x102 % for bending radius of 2.7 cm, 5 cm and 10 cm, respectively. ITO layer’s sheet
resistivity before and after 100 bending cycles at 3 different bending radiuses were measures
and remined constant, indicating that the ITO layer did not undergo any mechanical
degradation. A novel method of monitoring the electrical resistance of the device while
bending was used, to investigate the effect of bending on the interfaces and the individual
layers. The work conducted in this thesis, proves the reliability of the new in-situ bending
introduced here. Where when references indicated week peeling strength, a clear trend of
increasing resistance while bending was notices. Additionally, the in-situ bending system was
able to detect delamination by presenting a resistance overload. Within the OPV devices
fabricated in this work with the structure of (PET/ITO/ITIC:PBDP-T/MoOx/Ag), two main weak
links leading to the mechanical degradation were concluded. A weak interface between MoOx
and the active layer. This was in the form of continuous increase in resistance during bending
at 5 cm bending radius, and a resistance overload at 2.7 cm bending radius. This was also
confirmed by comparing the performance of MoOx and ZnO along first under bending, then
followed by the addition of the active layer along with referring to a peeling strength values
published in literature. Additionally, this was proved via the manual peeling test that was
preformed, where the silver layer was completely removed with some additional layer on top.
Given the active layer was intact, and the lighter colour on top of the silver indicates that its
MoOx layer. Thus, proving the weak interface is between MoO and the active layer. The
effected link was found to be the active layer, as after 100 bending cycles, striation started to
appear at 5 cm bending radius, and were more obvious at 2.7 bending radius. These striations
could be the results of having SM-based acceptors and the polymer donor, thus, creating weak
spots due to unconnected molecules, that translated into stretch marks upon bending,
although the striations seem to be an effect of bending radius, it was clear that they were not
within the same direction as the bnding axis, thus it is believed that a pressure point either

due to fabrication or created during mechanical testing was the starting point of these
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striations . An in house, system was created to understand the behaviour of an OPV under
bending, while under illumination with the focus of bending radius of 5 cm due to limitation of
the system. An interesting improvement of Jsc was observed when the device was under
bending conditions, this could be associated with changing the incident light angle and thus
enhancing light intensity, however, further analysis is required to confirm the theory. Finally,
the flexible OPVs were encapsulated via lamination techniques, in an attempt to move the
neutral axis towards the device layers. Although the performance parameters where not
degraded with the same severity as an un-encapsulated device. It is believed that the
degradation which is governed by reduction in Vo, FF and Rqh, is resulted from creating a
shunting path within the device, while encapsulation. The FE analysis does prove that for the
substrate, and encapsulating materials and thickness used in this work, and at 2.7 cm bending
radius, the neutral axis is positioned in midplane. Thus, further analysis to the effect of

encapsulation might be required.
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Chapter 6

Conclusion and future outlook

The overall goal of this thesis was to be able to answer the simple question as to how the
performance parameters of a flexible OPV changes as it experiences flexural bending.
Answering this question first started with examining the optical properties of the PET/ITO
substrates and ensuring its compatibility with well documented glass/ITO substrates. An
inverted OPV with structure of (PET/ITO/ZnO/ITIC:PBDP-T/MoOx/Ag) was chosen for this
study. As the device is fabricated, evaluated and mechanically tested under ambient
conditions instead of inside the glovebox, the ambient stability of the device was tested. It
showed that the device is stable within the first 20 hours of fabricating the device. Thus,
allowing a window to mechanically test an unencapsulated device under ambient condition
without having an effect of environmental ambient degradation. 3-point bending machine
was utilised to test the mechanical durability of the device by preforming flexural bending
test. Three different bending radiuses of 2.7 cm, 5 cm and 10 cm, and the devices were tested
under illumination after 10, 50 and 100 bending cycles. From there, it was noted that the
mechanical degradation resulted in dramatic drop in Jsc, PCE, along with dramatic increase in
Rs. The initial hypothesis, was a damage to one or more interfaces within the device layers,
leading to poor collection of the generated charges. Thus leading to a drop in Jsc which linked
with a drop in Rs. The investigation started with calculating the position of the neutral axis, it
was found to be at 0.11 mm from the surface of the PET/ITO substrate. That meant that the
ITO layer was experiencing tensile strain which was calculated to be around the value of
3.89x103 %, 2.11x103 % and 1.10x103 % for bending radius of 2.7 cm, 5 cm and 10 cm,
respectively. Nonetheless, these tensile strains did not cause any mechanical deformation to
the ITO layer as sheet resistance remined intact. A novel method of monitoring the electrical
resistance of the device while bending was used, to investigate the effect of bending on the
interfaces and the individual layers. The work conducted in this thesis, proves the reliability
of the new in- situ bending introduced here. Where when literature references indicated

week peeling strength clear trend of increasing resistance while bending was noticed.
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Additionally, the in-situ bending system was able to detect delamination by presenting a
resistance overload. Where, sandwich devices of PET/ITO/ZnO/Ag and PET/ITO/MoOx/Ag
were tested. The reliability of the system introduced was proved by comparing a ZnO
sandwich device before and after enhancing its peeling strength with ITO. In which when
literature reported a low peeling strength the system introduced confirmed a resistance
overload i.e, delamination at 5 cm bending radius. Although the with MoOx might require
further analysis to fully understand the evolution of the resistance beyond the tested cycles.
None of the interlayers showed any weak interfaces with their respective electrodes at least
5 cm bending radius. Thus, the test was carries on a full device. by relaying on peeling strength
from literature, a weak interface between MoOx and the active layer was detected. This was in
the form of continuous increase in resistance during bending at 5 cm bending radius, and a
resistance overload at 2.7 cm bending radius. Additionally, to further confirm this, a manual peeling
test was preformed to an incapsulated sample, upon removal of the top layer of the laminate, the silver
electrode was completely removed with some additional layer on top wich was lighter in colour, although
EDX was not performed, it is expected to be the MoO layer. for future reference it is recommended to utilize

EDX to further confirm.

The second mechanical degradation was witnessed in the active layer, as after 100 bending
cycles, striation started to appear at 5 cm bending radius, and were more obvious at 2.7
bending radius. These striations could be the results of having SM-based acceptors and the
polymer donor, thus, creating weak spots, which translated into striation upon bending. Thus,
explaining overall mechanical deformation the device experienced upon bending for 100
bending cycles at 2.7 cm and 5 cm bending radiuses. At which, the delamination would have
caused the R values to increase, and the damages notices in the active layer could lead to
reduction in Jsc due to possible charge recombination processes. An in house, novel system was
utilised in this study to understand the behaviour of an OPV under bending, while under
illumination with the focus of bending radius of 5 cm due to limitation of the device. An
interesting improvement of Jsc was observed when the device was under bending conditions,
this could be associated with changing the incident light angle however, further analysis is
required to confirm the theory. Additionally, when comparing the results of the in-situ
bending under illumination and the as to when the device J-V curves are measured after a
given number of cycles in a flat position, Voc seems to drop by 20% more in the in-situ

experiment, this could be due to increase in temperature of the device due to the long period

114



the device was tested under illumination. Additionally, by combining the two in-situ bending
tests, it was noticed that delamination has a reversable effect, meaning that upon bending
the device and flattening it, the delamination area changes and thus fluctuations to the Rs is

noticed.

Finally, the OPVs were encapsulated via lamination techniques, in an attempt to move the
neutral axis towards the device layer and thus, protecting any weak interfaces. Although the
performance parameters where not degraded with the same severity as an un-encapsulated
device. It is believed that the degradation, which is governed by reduction in Vo, FF and R,
is resulted from creating a shunting path within the device. This could be the results of heat
experienced by the device during encapsulation. The FE analysis does prove that for the
substrate, and encapsulating materials and thickness used in this work, and at 2.7 cm bending
radius, the neutral axis is position midplane. Thus, further analysis to the effect of

encapsulation might be required.

In here, we state recommendations and future workout to the work discussed in this thesis.
Within the novel in-situ bending system introduced in this work, it is hard to differentiate
weather the changes in resistance is due to which specific weak interface within the device.
Thus, it is recommended in the future to introduce one individual layer at a time. This would
help with detecting the week interface one step at a time. For example, user should start with
PET/ITO/ZnO/Ag sandwich device, as done in this work, where we understand now that upon
5 minutes of UV-ozone, the interface between ZnO and ITO becomes more stable. Then follow
that adding the active layer, then follow that by adding the MoOx layer. Thus, along with the
information reported in this thesis, it would be easier to detect the weak interfaces, by
comparing the magnitude and trends of resistance change while bending. However in doing
so it is important to note the change of strain applied to the last layer upon bending, ass the
maximum strain/stress will always be applied to the most top and bottom layer of the

structure.

As mentioned above, this new proposed method dose not replace any quantitative method
such as peeling strength test and adhesion energy via 4-point bending tests, however, the
concept here is to determine how do these values translate into bending, giving the user a
limits to bending radius and bending cycles an interface or a material can withstand before an
overload of resistance is recorded which is believed to be a feature associated with

delamination. To further support the reliability of the new system introduced in this work, a
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peeling strength, or an adhesion measurement for the specific OPV structure fabricated in
this work is suggested. Another technique that can be done on the absence of a peeling
strength, is to utilize AFM technique in a contact mode to scratch the electrode and MoO

layer, and record the forced required for that.

Moreover, when using the in-situ bending system, for a given bending radius, it is suggested
to not stop the bending cycles until no further changes are recorded to resistance or until an
overload occurs this would help with confirming the effect of 2.7 cm bending radius on MoOx
sandwich device. A proposed method to further confirm a delamination between MoOx and
the active layer, is to remove the Ag/MoOx layer using a magic scotch tape (as it does not
leave any residuals nor dose it damage the flexible substrate upon removing it) unlike the the
manual peeling test preformed in this work using lamination. After that, re-evaporate MoOx
and Ag layer again. If the effects of bending were found reversible after evaporating the new
layers, this could be evidence of delamination. Additionally, as for the effect of increasing the
temperature during bending under illumination, temperature probing can be utilised to
further confirm the reduction in Vo in the in-situ bending analysis. As for the features
observed in the active layer after 100 bending cycles at bending radiuses of 5 cm and 2.7 cm,
a mapping Raman Spectroscopy would help seeing changes in concentration of one of the
components (donor/acceptor) or changes within the BHJ structure at specifically the striation

spots.

One of the main challenges faced in this work, is the inability to access SEM facilities and lack
of expertise with SEM/TEM. It was attempted to conduct an in-situ bending within SEM.
Where within the flexible substrate used in this work illustrated in Figure 3-1 in Chapter 3, the
side PET (area of PET around the pre-patterned ITO) was removed, and the devices were
fabricated only on top of the ITO layer. The devices then underwent 100 bending cycles for 10
cm, 5 cm and 2.7 cm bending radius. After that, the devices were wrapped around the SEM
holders. As the side PET section was removed, theoretically, one would be able to look directly
into the cross section and thus being able to look at the damages/delamination caused by the
3-point bending test (See Appendix F). However, no clear images were able to be extracted.

Thus, it is proposed to repeat this experiment with more experienced SEM expert.
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Xu, S., Xu, W., Binions, R., Ducati, C., Durrant, J. R., Briscoe, J., McLachlan, M. A., Aerosol Assisted
Solvent Treatment: A Universal Method for Performance and Stability Enhancements in Perovskite
Solar Cells. Adv. Energy Mater. 2021, 11, 2101420. https://doi.org/10.1002/aenm.202101420

e Poster and oral presentations:
2020: Innovations in Large-Area Electronics Conferences, UK.
2019: Imperial College Materials Symposium, UK.

2018: Imperial College Plastic Electronics Centre of Doctoral Training (PE-CDT) symposium
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Appendix B

Force (N)
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Displacement (mm)

Figure B 1 shows the Force/displacement curve extracted from after 3 point bending test to an
encapsulated OPV at bending radius of 2.7 cm. Clearly indicating an elastic strain behaviour and thus
explaining why the OPV did not experience any permanent deformation on it’s shape. Although the
signals are less noisy compared to a un-encapsulated devices, a lot of fluctuations are noticed thus
FEA was used to confirm the forces required for the bending and also stress distribution values.
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Appendix C

Section 5.3 Chapter 5
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Figure C- 1 shows the in the resistance of the sandwich device (ITO/ZnO/Ag) during
bending with bending radius 5 cm. The negative signs in the loading pin position indicated
the downward movement. When the loading pin is at 0 mm, the sample is flat. In here, the
5 cycles have individually plotted, to show the reversibility of the changes in ZnO sandwich

device. a) first cycle b)second cycle c)third cycle d) forth cycle e)fifth cycle.

As indicated in Figure B-1, the reversibility becomes clearer once each cycle is plotted

individually. Thus, the overall change in resistance at 5 cm bending raidus for the sandwich

device with ZnO layer is around 85 Q.
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Appendix D

Hydraulic robotic arm — for in-situ bending under illumination

Brand CONSTRUCT & CREATE
Iltem weight 500 g
Item model number 52186

Range of motion

6 axis of movement

Made from 229 plastic pieces
Lifting capacity =50 g
Vertical reach —42 cm
Horizontal reach —32 cm
Elbow range — 44°

Base rotation — 270°
Shoulder motion —45°

Wrist rotation — 180°

Wrist mobility — 98°
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Appendix E

Section 5.4 chapter 5
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Figure E-1 J-V curves of flexible OPV under bending with bending radius of 5 cm.
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Figure E-2 J-V curves of flexible OPV under flat conditions.
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Figure E- 3 Rs, normalised values of OPV a flat condition (on the left side), and under bending
conditions with bending radius of 5 cm under illumination (on right side)
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Appendix F

reference
cell

Figure E- 1 lllustrates an in-situ SEM method of visualizing the
effect of bending radius and bending cycles through the cross
section without used FIB. Edge of PET was removed before
fabricating the device, then underwent 100 bending cycles for
their respective being radiuses. The samples were then wrapped
around an SEM holder vertically to look at an exposed cross sec
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