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Abstract

The Achilles heel of many wearable and electronic textile (E-textile) devices is their power
requirement, which has been a major hurdle in the adoption of E -textiles. To keep these devices
continuo usly powered without frequent recharging or bulky energy st orage devices, many have
proposed integrating energy harvesting capability into cl othing. Solar energy harvesting has been
one of the most investigated avenues for this due to the abundance of sola energy and maturity

of photovoltaic technologies.

This research investigated a novel approach for realising solar energy harvesting with
textiles by embedding miniature solar cells (SCs) within the fibres of a yarn, thus delivering a
robust and consumer-friendly solution for powering wearable and mobile devices . SCs were first
soldered onto fine copper wires and encapsulated inside of resin micro-pods, before being
covered by a fibrous sheath, to realise solar cell embedded yarns (solafrE-yarns) that can be
readily converted into fabrics with conventional fabric manufacturing processes such as weaving
and knitting. Preliminary investigations conducted using miniature photodiode embedded E -
yarns laid the foundation for embedding photovoltaic devices within yarns. A mathematical
model was also formulated to characterise the performance of photovoltaic devices embedded in
yarns and was experimentally validated using photodiodes to evaluate the effects of the resin

micro-pod on photovoltaic response.

Subsequently solar-E-yarns were fabricated using silicon SCs. Thephotovoltaic response
of these solarE-yarns were studied at each stage of the Eyarn fabrication process and under a
range of test conditions including different light intensities, incident light angles, ambient
temperatures and humidity levels. Solar -E-yarn performance could be further enhanced by
impregnating the photoactive sides of the yarns with an optically clear resin, as well as by using
bifacial SCs.

A series of fit-for-purpose tests including wash durability tests were conducted on the
solar-E-yarns which revealed that the solar-E-yarn embedded fabrics could undergo domestic
laundering and maintained ~90% of the original power output after 15 machine wash cycles,

which was vastly superior to other solutions proposed in the literature.

To demonstrate the energy harvesting capability, prototype demonstrators were created by
weaving solar-E-yarns. A solar fabric demonstrator with ~25cm 2 active area generated up to
~2.15 mW/cne under one sun illumination and maintained both the feel and aesthetics of a
normal textile. The fabric demonstrator was capable of charging various electro nic storage and

powering low power mobile devices.

The researchhas generated a wealth of knowledge on the fabrication, performance and the
utility of the solution for regular clothing applications. These attributes will enable these solar
fabrics to feature in future wearable electronics and electronic textiles to provid e a continuous

supply of power, without having to compromise on comfort, aesthetics or wash durability.
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Chapter 1 Introduction

This thesis presents ascientific investigation into the development of a wearable
solar energy harvesting textiles for powering wearable and mobile electronic devices.
The solar energy harvesting textiles were realized by embedding miniature solar cells
within the fibres of a textile yarns, enabling the integration of energy harvesting

capability within the heart of a textile fabric.

1.1 Background

1.1.1 Wearable devices

Recentadvancements in semiconductor devices, electronic sensor technologiesand the
Internet of Things (IoT), have made wearable devices an increasingly integral part of
modern society. In recent years dectronic devices have miniaturised, become cheaper
and also have low power requirements when compared to their 20" century
predecessors mainly to cater the growing demands of mobile phone indust ry. Smaller,
smarter, more efficient, and lower -cost electronic components and sensorshave made
mobile and wearable devices technically viable and commercially feasible. The
International Data Corporation (IDC, 2018)predicts that global wearable device market
is expected grow from 122.6 million devices in 2018 to 190.4 million devices in 2022 with

an annual compound growth rate of 11.6 %. According to eMarketer (2019)in the United

States the number of adults using a wearable devices is expected to grow from 45.8
million in 2017 to 67.0 million by 2022. The wearable device market is currently
dominated by wristables (smart watches and activity trackers) with a ma rket share of

~95% for 2018, while apparel based products capturing only 2.4%(IDC, 2018).

Wearable electronic devices and technologies have transformed the future of many
industry sectors including sports and wellness, medical, military, consumer electronics,
apparel, and communications. The advent of the internet and leaps forward in wireless
communication technologies have enabled the users to be part of a massiveinteractive,
virtual network with a click of a button . These developments have contributed to the
new generations of connected wearable and smart mobile devices as we kow them
today, where many wearable devices are equipped with some form of wireless
connectivity such as Wifi, Bluetooth, Zigbee, or Z-wave. Internet driven global
megatrends such as social media, digitisation, and e-commerce have also helped to

popularise wearable devices.
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Generally, wearable devices areregarded as devices with some level of intelligence and
smartness (ability to sense exterral stimuli and respond). However, devices worn on
body with electronic or electrical functionality which require hu man intervention to
operate (e.g. wearable head lamp) also fall under the broad category of wearable devices.
(Annex 1 provides m ore details on the definitions and categorisation of wearable devices
and electronic textiles). In fact, the very first known a pplication of wearable devices were
reported in late 1800s, where balletdancers illuminated with electric light bulbs on their

foreheads performed on stage (The New York Times, 1884)

1.1.2 Electronic textiles

The integration of electronics with textiles has transcended from superficially attached
devices on clothing (Fig.1.1(a))to devices with fabric embedded devices (for example
electrodes, stretch sensors or fabric heaters) and interconnects (Fig.1.1(b)Many E-
textiles are used for sensing applications with most sensing techniques related to body
vital sign monitoring being based on changes in electrical properties such as a change in
electrical resistance, electrical potential, or electrical capacitance that are simple to
capture by functionalised textile structures. More advanced types of sensors which
involve semiconductors devices, are now available in miniaturised forms that can be

integrated within textiles in an unobtrusive manner.

The ideal scenario for an electronic textile (E-textile) can be envisioned as a system that
has all of the electronic functionality and components (i.e. sensing, signal processing
data storage, data communication, signal output and power supply ) fully embedded
within the fabric, discrete from ext ernal hardware (Fig.1.1(c)). These textile embedded
systemsare vastly superior to the superficially attached devices asthey are light weigh t,
less bulky and offer the appearance and feel of normal textiles. However , the practicality
of such a fully textile integrated system depends on its three-dimensional

conformability, aesthetic appeal and mechanical robustness during its use and washing.
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Signal/data processing,
Sensing e output, storage and B
communication

Power
Supply

External or superficially attached device

b Signal/data processing, p
. ower
output, storage and S
2 upply
communication
External or superficially attached device

Signal processing,
Sensing output, storage and

communication

Figure 1.1.t different levels ofntegrating dectronics with textiles E-textileg from
external or superficially attached devices to fully textile embedded systésAll
components superficially attached. (b) Sensing capability integrated withtextile with
other components superficialljtathed. (c) All components integrated within the textile

1.1.3 Electronic yarn technology

The Advanced Textile Research Group at Nottingham Trent University has pioneered a
technology to embed semiconductor devices inside of textile yarns (Dias and Fernando,
2005, Dias and Ratnayake, 2015; Dias and Rthnayake, 2016)to create electronically
active yarns (E-yarns). The E-yarn technology enables electronic components and
interconnects to be integrated within the core of textile yarns , thus enabling these to be
undetectable to the human eye. The Eyarns are fabricated by soldering small-scale
(typically around 1.0 mm x 1.0 mm cross section) electronic devices onto fine multi -
strand copper wires before encapsulating them individually in side of clear resin micro-
pods that hermetically seal the soldered device and solder joints. The encapsulated
devices are then covered by a textile fibrous sheath comprising of packing fibres and a
tubular warp knitted structure , which consolidate s the structure to create the final E-
yarn. The unique architecture of these E-yarns shown illustrated in Fig. 1.2 (Dias and
Hughes-Riley, 2017)will enable them to be washable and re-useable for multiple cycles

while m aintaining their e lectronic properties and all -important textile like haptic and
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aesthetic character, which will make them more desirable over superficially attached

wearable devices(Dias and Rathnayake, 2016)

Protective
fibre sheath

Packing fibres

Microchip

Resin micro-
pod .

Copper
wire

Figure 12 ¢ Schematic illustrating the structure of an electronic ydiias and Hughes

Riley, 2017)
The viability of the E-yarn technology to integrate electronic devices within yarns is
already proven for sensing devices (Hughes-Riley and Dias, 2018; Lugodaet al, 2018;
Satharasinghe,)and LEDs (Hardy et al, 2018) The next step in the progression of the
technology is to embed signal processing (fransistors and micro-processors), signal
communication (Bluetooth, ZigBee, WiFi) and power supply (batteries, supercapacitors,
energy harvesting devices) capabilities within yarns using the E-yarn technology, which
will enable a fully self-functioning E-textiles. While several types of multi-terminal
devices requiring upto 4 interconnections (e.g. Accelerometers)being achieved with the
technology using insulated Cu conductors , in order to achieve E-yarns with more
advanced functionality (e.g. micro-processor Eyarns) multi -terminal capability need to
be further enhancedto realise more interconnects in a robust manner, which is yet to be

achieved.
1.2 Motivation

The Achilles heel for many wearable electronic textiles (E-textiles) is the need for apower
supply. Batteries are gaining higher energy densities, becoming smaller and longer
lasting, however they are still relatively bulky a nd must be attached on to clothing in a
manner similar to the older forms of electronic textiles such as in pocketsor on the
surface of clothing. Most commercially available wearable E-textiles are powered by

standard solid coin cells, pouch cells, cylindrical cells or prismatic cell batteries of an
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Alkaline, Nickel metal hydride (NiMH), Lithium  -ion (Li-lon), or Lithium-ion Polymer
(LiPo) type (Davis, 2017) LiPo type batteries are preferred for most wearable
applications due to their r elative flexibility compared to other types (Tran, 2016) The
use of supercapactors for energy storage for wearable applications has also been
considered, however they have limited use due to low energy densities, high-power
densities, and high self-discharge rates. These batteriesor supercapacitors are typically
attached to the gament after assembly, or embedded in a removable module (Fig.1.3) ,
making the systems bulky and cumbersome to use (Jost, Dion and Gogotsi, 2015)
Smaller and lighter batteries require frequent recharging meaning that there is a
compromise between battery life and user-friendli ness. Thesedeficiencies in the power
supply of present-day E-textile systems have affected the adoption rates of Etextile,
which is reflected in the small share of the global wearable devices market captured by

E-textiles (IDC, 2018).

Figure 1.3 ¢+ (a) Battery module used to power mobile computing development b

(Adafruit.com) (b) Heating glove powered by a battery péetfordmotorcyclecentre.co.uk
To counter the challenges posed by energy storage devices integration of energy
harvesting capability into textiles has been considered a promising alternative. Amongst
the energy harvesting technologies explored for E-textiles, such as tribo-electric (Pu, Li,
et al, 2016; Zhuet al, 2016) piezo-eledric (Song, Ahn and Yun, 2015;Ramadan et al.
2014; Wagqar et al. 201} thermoelectric (Leonov, 2013)or electromagnetic induction (Ylli
et al, 2013) solar energy harvesting has been one of the most investigated avenues due
to the abundance of solar energy (International Energy Agency IEA, 2011) and the

maturity of photovoltaic (PV) technologies (Conibeer and Willoughby, 2014).

The methods proposed in literature for creating wearable solar energy harvesting
systems are not practical for regular clothing applications due to their poor normalcy
(appearance and hand feel), lack of comfort (softness, breathability and moisture

management), and insufficient three-dimensional deformability (drapability). In
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addition, most of these proposed solar energy harvesters are incompatible with water
and washing. Itis envisioned that to address the deficiencies of existing E-textile energy
harvesting systems that E-yarn technology can be employed to create photovoltaic
textiles that bring a new perspective for incorporating energy harvesting capabilities into

textile structures.

1.3 Aim of the research

The aim of this PhD study was to create the knowledge required to craft a solar energy
harvesting yarn by embedding miniature photovoltaic cells within the fi bres of a extile
yarn (Solar Eyarn), which could be used to develop textile structures capable of
converting solar energy into electricity to power wearable devices. Here the energy
harvesting capability is intended to reduce the need for use of heavy ard bulky energy
storage devicesand the frequency of recharging. This work will herald a significant
step-change in E-textiles by incorporated sources of power into the heart of textiles and
will pave the way to develop a new generation of wearable devicesand E-textiles, mainly

for outdoor applications .
1.4 Research Questions

This research focused on how Eyarn technology can be adapted to create miniature
solar cellembedded yarnsthat can be used to construct a wearable and washable textile
capable of harvesting solar energy and generating satisfactory levels of electricity (i.e.
by maintaining a high conversion efficiency). A clear gap in knowledge was identified
in understanding the effects on the opto-electrical behaviour of photovoltaic cells when
embedded within t he E-yarns structure, and the performance and durability of resultant
E-yarns under operational conditions. In order to bridge this knowledge gap, the

following research questions were investigated :

A The formation of fine copper wire interco nnects with miniature solar cells.

A The fect of the resin micro-pod on the performance of the embedded solar cells.
A The effect of the textile fibre cover on the performance of the embedded solar cells.
A The performance of the solar cell embedded yarns whenintegrated within a fabric .

A The durability of the solar cell embedded fabrics and yarns against mechanical
stresses and washing.
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1.5 Research objectives

1. To develop new knowledge on how to embed miniature photovoltaic cells within
the fibres of textile yarns using the E-yarn technology.

2. To investigate the photovoltaic response of yarn embedded photovoltaics devices
under different electromagnetic spectral ranges, incident angles, and optical
interferences, induced by the different components of the yarn.

3. To investigate strategies to improve the power generation capability of the
fabricated devices.

4. To study the behaviour of the solar E-yarn under realistic operating conditions .

5. To demonstrate the solar energy harvesting capability of the fabrics crafted with the

solar E-yarns.

1.6 Research Methodology

To achieve the aim and these objectives a quantitative research approach has been
employed, where the state-of-the-art and knowledge gaps were identified by reviewing
the available literature. The available knowledge on relevant methods and theories were
employed for the design, development, and characterisation of the solar energy
harvesting yarns. The literature review ( Chapter 2 provides a background on the
powering of wearable and E -textile devices using energy storage and harvesting devices.
The literature review extensively surveys the state-of-the-art textile based solar energy
harvesting devices, while identifying existing challenges in achieving a practical
solution. It was envisioned that the E-yarn technology could be employed to create a
solar energy harvesting textile that possess the desirable attributes of a normal textile
such as normal appearance and handfeel, comfort drapability and durability, while
generating sufficient levels of power. The literature review facilitated the identificati on
of specific knowledge gaps in creating such solar energy harvesting textile based on the

E-yarn technology.

The approach proposed to create solar energy harvesting fabrics was to weave miniature
solar cell-embedded yarns (solar-E-yarns) together. To achieve a drapable and soft fabric
that can endure machine washing, the shear behaviour and a low bending rigidity of the

structure had to be maintained. Therefore, the rigid PV elements (solar cells) were
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deployed in a discontinuous fashion within the fabric in yarn form . The solar-E-yarns
were realized in three steps: First, miniature solar cells (SCs) were soldered in parallel,
onto two multistrand copper wires . A new soldering method was developed to condu ct
this soldering step, since the existing soldering technique employed for previous E -yarn
developments was not capable of solder two parallel copper wires onto the type of solar
cell available for this work. N ext, the soldered SCs wereindividually encap sulated
wit hin clear, cylindrical resin micro -pods. The solar-micro-pod filament containing the
encapsulated cells was then covered bypacking fibres and a knit -braid to give the final
solar-E-yarn a textile-feel and appearance. In some cases, the photoadte side of the
solar-E-yarn were impregnated with a polymeric resin to improve the photovoltaic
performance. Using this method, the embedding of other types of solar cells, such as
organic (Che et al, 2018) perovskite (Fenget al, 2018) or muti -junction (Fraunhofer ISE,
2019) solar cells, within textiles could be possible, however this research focusedon
crystalline silicon (c-Si) type SCs The discrete micro-pods and the fibrous sheath
resulted in solar-E-yarns with a low bending rigidity and a high d egree of paosity
enabling the transfer of moisture and heat through the E -yarns and the resultant fabrics.
This feature was crucial to prevent discomfort to the user caused by thermal and sweat

build -up, especilly during warm and sunny conditions (Gibson, 1993)

Preliminary experiments were conducted using two types of mi niature photodiodes to
prove the technical viability of creating a textile yarn embedded optoelectronic device.
Photodiodes were selected for these preliminary tests as they were a readily availade
and cost effective alternative to custom developed minia ture solar cells (photodiodes
follow the same operational principles as solar cells although they are specifically
designed and optimised to have higher speed of response and typically used in reverse
bias. Solar cells are designed to maximise power andis used in forward bias). To
characterise the developed Eyarns in a repeatable manner a bespoke optical test rig was
developed. It was understood that the resin micro -pod (RMP) could interfere with the
incident light depending on the geometry and optical pr operties of the resin material of
the RMP. In order to theoretically estimate the photovoltaic response of the micro-pod
embedded devices, in relation to the optical properties and geometry of the micro-pod,
a generalized mathematical model was developed. An empirica | study was conducted

to experimentally evaluate the individual and cumulative effects of different
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components of the E-yarn structure (RMP, packing fibres and knit braid) on the
photoelectric output of the embedded photodiode . The generalized model was
simplified (to a cylindrical micro -pod geometry) to reflect the empirical study
conducted. Subsequently, the experimental data from the empirical study was compared
to the estimated values from the mathematical model to confirm the validity of the

model with in given boundary conditions.

After proving the concept using photodiodes, solar -E-yarns were created by embedding
crystalline SCs (1.5 mm x 1.5 mm x 0.2 mm) and characterised fotheir photovoltaic
output. A fabric prototype comprising five so lar-E-yarns (each yarn containing three
SCs) was constructed to analyse the viability of weaving solar-E-yarns together to create
solar energy harvesting fabrics. Based on the results the Sdength was changed from 1.5
mm to 3 mm to improve the production efficiency and power density of the resultant
fabrics. An in-depth characterisation of solar-E-yarns prepared with 1.5 mm x 3 mm x
0.2 mm SCs was conducted. The characterisations included he generation of
characteristic curves, and the measurement of shat-circuit current and open-circuit
voltage of solar-E-yarns at different stages of the fabrication process, as well as under
different incident angles and different incident light intensiti es. A critical factor to
understand for a solar energy harvesting solution intended for wearable application was
how the angle of incident light effects the functionality of the device: ultimately a wearer
of a solar energy harvesting device would move rel ative to the light source (i.e. the Sun).
Theoretical and empirical models were developed based on geometric models and
experimental data to predict the effect of incident angle on the performance of the solar-
E-yarns. A study of different variant s of solar-E-yarns was also conducted, with the aim
of optimising the perform ance. These included the use of resin impregnation of the sdar-
E-yarns surface fibres and a bifacial SC concept to enhance the power output of the
solar-E-yarns, as well as thepossibility of using normal braiding, instead of knit braiding

to create thefibrous sheath of the solar-E-yarns.

One of the objectives of the research was to assess the performance of soldf-yarns
during the operational conditions that the solar -E-yarns would be exposed to during
normal use. Wash durability was one if the key aspects assessed and this was conducted
both in yarn form and fabric form under test conditions with different levels of

harshness. These tests provided an indication of the level ofmechanical stresses the E

11



Chapter 1 Introduction

yarns could withstand before experienci ng electrical failure. Other tests included tensile
strength measurements in yarn form, impact tests, and abrasion tests in fabric form that
provided insights into the durability of the sola r-E-yarns under the mechanical
interactions that they may get exposed to during use. Additionally, solar -E-yarn
performance was evaluated at different temperatures and humidity levels to understand

their operational boundary conditions in different envir onments.

Finally, the solar-E-yarns were woven into a fabric and the performance and the power
generation capabilities of the solar-E-yarn fabrics were demonstrated. It was understood
that the performance of the solar-E-yarns woven into a fabric can vary depending on the
shading effects by the adjacent solarE-yarns, the albedo efect (effects of light scattered
from the background), and the colour of the fabric. These effects were studied by creating
solar-E-yarn woven fabrics with different weaving patterns and colours. Five fabric
demonstrators were created by weaving multiple solar-E-yarns, each comprising ten
SCs. The largest fabric demonstrator comprising a total of 200 SCs had a phatactive area
of 44.5 mm x 45.5nm. This fabric demonstrator was employed to charge various energy
storage devices (such as batteriesand supercapacitors) and to power small mobile
electronic devices (mobile phones, fithess trackers) under simulated sun lig ht. A field
study under natural sun light was conducted using four fabric demonstrators that

compared the effects of resin impregnation and fabric colour on the power generation.

The findings of this research proved the viability of integrating miniature S Cs within a
fabric, in the form of solar-E-yarns, to create solar energy harvesting fabrics. This
approach will revolutionise the way in which w earable and mobile electronic devices
will be powered in the future where the end user will not have to compromi se on

reusability, appearance or comfort.

The flow of the research is summarized in the flow diagram shown in Fig. 1.4.
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Aim Knowledge Gaps

Craft solar energy harvesting 1 Opto-electrical behaviour of photovoltaic cells

yarns by embedding miniature when embedded within a resin micro-pod and

photovoltaic cells within the covered by a textile structure.

fibres of a textile yarn. i The performance and durability of solar cell
embedded yarns under operational conditions.

Objectives

1 To develop new knowledge on how to embed miniature photovoltaic cells within the
fibres of textile yarns using the E-yarn technology.

1 To investigate the photovoltaic response of yarn embedded opto-electronic devices
under different electromagnetic spectral ranges, incident angles and optical
interferences induced by different components of the yarn.

1 To investigate strategies to improve the power generation capability of the fabricated
devices.

1  To study the behaviour of the solar E-yarn under realistic operating conditions.

1 To demonstrate the solar energy harvesting capabilities of fabrics crafted with solar E-
yarns.

Chapter 1

Research methodology

Literature review to identify state-of-the-art and knowledge gaps

Develop an optical test rig to characterize the E-yarns to be developed

Proof-of-concept solar energy Develop a theoretical model to predict
harvesting yarns using photodiodes. the effects of resin micro-pod.

Chapter 3

Experimentally study the effects of the different components of photodiode
embedded yarns and validate the theoretical model using experimental data.

Chapter 4 |Chapter 2|

Develop a method for soldering solar cells and encapsulating soldered cells.

Prototyping of solar-E-yarns and characterising them at different stages of the
fabrication process. Proof of concept solar energy harvesting fabric.

Experimental investigation of the effects of incident angle. Theoretical and
empirical modelling of the solar-E-yarn behaviour at different incident angles.

Chapter 5

Detailed characterisation of solar-E-yarns using solar simulator.

Prototyping and evaluation of variants of solar-E-yarns.

Assessment of the solar-E-yarns response under realistic operational conditions.

Chapter 6

Development of solar energy harvesting fabrics and their characterisation.

Chapter 7

Demonstration of power generation capability of solar energy harvesting fabrics.

Summary and conclusions, Contribution to knowledge, Challenges faced and
Future Work

©
A
)
=
Q
©
e
O

Outcomes
1 New knowledge on embedding solar cells within textile yarns and characterisation
of their behaviour.
1 Development of prototype solar-E-yarns and solar-E-energy harvesting fabrics.

Figure 1.4+ Summary of thg@rogressiorof the researcn a flow diagram
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1.7 Structure of the thesis

The thesis contains eight chapters including the introduction, literature review, materials

and methods, four experimental chapters, and conclusion, as outined below.

Chapter 11 Introduction and background. This chapter provides a brief background to
the topics related to the research (wearable devices, Hextiles, E-yarn technology) and
presents the key motivation behind the research. Based on that the aims, objectives,
knowledge gaps, and research questiors were defined. The research methodology and

steps taken to achieve the research objectives of this project were also were outlined.

Chapter 2 ¢ Literature review. This chapter opens with an overview of incumbent
electrical power storage devices, such as ltteries and supercapacitors,and outline s the
existing literature on textile based electrical energy storage devices intended for
wearable applications. With a view towards addressing the drawbacks of energy storage
devices, the state-of-the-art of textil e embedded energy harvesting technologies were
studied, with an in -depth review on textile integrated and textile based solar energy
harvesting devices; mainly from a wearability perspective. The end of the chapter
explores prior work related to embedding small-scale electronic components within

textile structures.

Chapter 31 Materials and methods. This chapter reports the materials and methods used
to create the opto-electronic device embedded Eyarns studied in this research. This
includes the instruments and apparatus employed to created electical interconnects,
resin micro-pods, and to craft the final E-yarns. The chapter also details the experimental
procedures followed in order to characterize the opto -electrical performance of the solar-

E-yarns and to ensure repeatability of the test results.

Chapter 4 ¢+ Photodiode (PD) embedded electronic yarns. The chapter covers the
preperation and characterisation of photodiode embedded electronic yarns (PDEY) to
prove the technical viability of using solar cell embedded electronic yarns for energy
harvesting. The effects of the different components of the Eyarns on the performance of
the embedded PDs were investigated. The chapter detailes the development a
generalized theoritical model to predict the effects of the cylindrical resin micro -pod on

the photovoltaic output of an embedded photocell. This model was simplified and
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validated using experimental data for photodiodes embedded within RMPs of different

sizes and materials.

Chapter 51 Characterisation of so lar cell (SC) embedded electrmic yarns. The chapter
details the characterisation of solar cell embedded electronic yarns (solarE-yarns) at
different stages of the fabrication process, and at different light intensities. The effects of
incident angle on the performance of solar-E-yarns were analysed in depth. Theorical
and empirical models were developed based on geometric models and experimental
data to predict the effects of incident angle on the performance of the solar-E-yarns. The
chapter also investigates the effect of resin impregnation introduced in Chapter 3 and
the use of a bifacial SC concept to enhance the power output of the solarE-yarns, as
well as the possibility of using normal braiding, instead of knit braiding to create the

fibrous sheath of solar-E-yarns.

Chapter 6 + Performance of solar cell embedded yarns in operational conditions. This
chapter focuses on the assessment of solaE-yarns and resultant farbic when exposed to
realistic operational conditions that they may encounter during their normal use. These

tests include wash durability, both in yarn form and fabric form, under test conditions

with different levels of harshness. Other tests include tensile strength measurements in
yarn form, and impact tests and abrasion tests in fabric form; these tests provided insight
into the durability of the solar-E-yarns under the types of mechanical interaction that
they may be exposed to during use. Finally, solar-E-yarn performance was evaluated
at different temperatures and humidity levels to understand their boundar y condition s

for use in different environments.

Chapter 7 ¢ Solar enegy harvesting fabrics. This chapter covers the preperation of solar
energy harvesting fabrics using solar-E-yarns, and the electrical characterisation of the
solar-E-yarn networks in fabr ic form und er different light int ensities and incident angles.
The chapter details the preperation of solar energy harvesting fabric demonstrators and
the evaluation of their capability to charge energy storage devices and power small
mobile electronic devices under simulated light. Final ly, a field test was conducted
under sunlight to compare the performance of solar energy harvesting fabrics made

using different coloured yarns and when resin impregnation was used.
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Chapter 8 ¢ Conclusion. This chapter condudes the thesis by providing a summary of
the study and outlining the main conclusions. Suggestions for future work to be

undertaken to optimise the performance of the solar-E-yarns and to further the
technology readiness was presented. Finally, the chaper points out the challenges and
problems encounteded during the course of the research along with steps taken to

overcome them.
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Chapter 2

Literature Review
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2.1 Introduction

Textiles can be considered as one of the best platforms for capturing andstoring most
forms of energy including solar energy to power wearable devices: They are large
surface area structures, providing ample space to interact with the human body and the
environment to harness energy (however the viability of harvesting mechanical energy
from body ki netics using wearable devices is debatabledue to the dependency on
human body movements and possible intrusiveness), as well as space to incorporate
energy storage/capturing capability. Textiles also have the benefit of being flexible,
foldabl e, conformable and lightweight making them easy to transport. Due to these
reasons, here has been an emerging interest and steady growth in research into textile
based energy storage and harvestirg technologies during the last few decades (Soin,
Anand and Shah, 2016) The chapter beginsby briefly covering the incumbent electrical
energy storage devices such as batteries and supercapacitors and atlines the existing
literature on textile based electrical energy storage devices intended for wearable
applications. With a view towards addre ssing the drawbacks of energy storage devices

various approaches of energy harvesting to power wearable devices were reviewed.

Multiple streams of research have focussed a generating electricity by exploiting

various sources of freely available ambient energy: This energy can be captured and
readily stored or converted into other forms of energy. Important energy h arvesting
technologies which could be integrated with cloth ing are discussed in this chapter, with
an in-depth review on the textile -based solar energy harvesting devices intended for
wearable applications. In addition, the operating principles and fundame ntals of the
photovoltaic devices will be outlined in this chapter. Finally, prior -art relating to the
incorporation of miniature electronic dev ices within textile yarns is explored, with the
aim of identifying candidate technologies for embedding miniatur e solar cells within the

core of textile yarns.

2.2 Powering wearable devices and E-textiles

The need for portable energy solutions, and the impetus for creating an energy
harvesting fabric, has been brought about by the proliferation of wearable and mobile

devices in recent years. Wearable and mobile devices have a wde range of applications
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including telecommunications (Moustafa et al, 2015) non-invasive healthcare
monitoring (Piwek et al, 2016) sports (Duking et al, 2016) learning assistance
(Sapargaliyev, 2015)and entertainment (Page, 2015) The development of these devices
has been catalysed by the advancements in miniature and low powered electronic
components originally developed to cater the demands of smart phone industry. For

example components such as microcontrollers (e.g. MAX32625 by MAXIM) (Maxim

Integrated, 2019) analogue to digital convertor (e.g. ADS7042 by Texas Instruments)
(Texas Instruments, 2014) accelerometers (e.g.BMA400 by Bosch) (Bosch Sensortec,
2019) or Bluetooth® modules (e.g. CYBT-21304302 by CYPRESS) (Cypress
Semiconductors, 2019)employed in such electronic devices can operate with only a few
milliwatts of power. Generally speaking, the power requirement for similar wearable

devices typically ran ge baween tens to hundreds of milliwatts (Kalantarian et al 2015)

There are two main user cases for weanble textile energy solutions; extending the
battery life of mobile (or portable) dev ices, and fully or partially powering wearable

electronic textile (E-textile) devices (Min, 2009). Key mobile devices of interest include
mobile phones, smart watches and fithess trackers, which require 50 mW - 1000 mw
during normal use (Carroll and Heiser, 2010). E-textiles is an emerging field where
electronic functionality is integrated with or imparted onto textiles, to realise capabilities

such as lighting, sensing, and heating (Hughes-Riley, Dias and Cork, 2018) Despite the
unprecedented interest and potential fore seen, providing a robust and user -friendly
power supply to them remains an unfulfille d need for many wearable E-textile devices,
which is a major hurdle to the wider adoption of E -textiles (Jost, Dion and Gogotsi,

2015)

2.2.1 Existing methods for powering wearables and E-textiles

2.2.1.1 Batteries

Batteries are the most widely used method of supplying power to wearable devices.
Batteries directly convert chemical energy stored between their electrodes into electrical
energy by undergoing chemical reactions. Battery technology dates back to the late 18
century as detailed by Whittingham (Whittingham, 2012). In 1799, Italian physicist
Alessandro Volta created the first battery by stacking alternating layers of zinc, brine -

soaked pasteboard or cloth, and silver. The Daniel cell invented in 1836 used a copper
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pot filled w ith copper sulphate solution which wasthen immersed in an earthenware
container fill ed with sulfuric acid and a zinc electrode. The lead acid battery was the first
rechargeable battery which was invented by Gaston Plante in 1859. NicketCadmium
(Ni-Cd) batteries were invented by Waldermar Jungner in 1899 helped to pave the way

for the development of the modern battery technology (Whittingham, 2012).

The latter half of the 20" century saw rapid developments in battery technology with the
invention of al kaline battery in 1950s, Nickel-Metal hydride (NiMH) battery in 1989, and
Lithium -ion (Li-ion) battery in 1991 (Visual Capitalists, 2016). The advancements in
battery materials, as well as novel charge storage and transfer mechanisms, helped to
achieve higher charge densities using low-cost raw materials thereby making the
batteries smaller, lighter and cheaper. For example, since their commercialisation in the
mid -1990s, energy densities of Liion batteries have increased more than threefold, and
the costhas reduced by more than eight times (Crabtree, Kocs and Trahey, 2015)These
advancements have helped fuel recent technology tends including electric vehicles,

mobile electronics, and wearable devices.

Most commercially av ailable wearable systems are powered by standard solid coin cells,
pouch cells, cylindrical cells, or prismatic cell batteries of Alkaline, NiMH, Li -lon or
Lithium -lon Polymer (LiPo) type (Davis, 2017) These batteries are typically attached to
the garment after assembly, or embedded in aremovable module, making the systems

bulky and cumbersome to use (Jost, Dion and Gogotsi, 2015)

2.2.1.2 Supercapacitors

Supercapacitors store electrical energy in the form of ions. There are three main types of
supercapacitors; electrochemical double layer capacitors (EDLC), which physically
absorb electrolyte ions onto the surfaces of their electrodes, pseudocapacitors which
undergo reversible redox reactions, intercalation or electrosorption at or near the surface
of electrodes. The third type, hybrid supercapacitors have electrochemical and pseudo-
capacitor mechanisms (Zhang and Zhao, 2009) Supercapacitors have higher power
densities and lower energy densities in comparison to batteries, hence they are ideal for
applications requiring fast charging and discharging of electricity (Kularatna, 2014). First

versions of supercapacitors were investigated by General Electric in early 1950s. In 1966
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Standard Oil of Ohio patented a developed version of a supercapacitor under the title
finally marketed the results as "supercapacitors" in 1971, to provide backup power for
computer memory (Schindall, 2007) The end of the 20" century saw stepped

improvements in supercapacitor technologies including a reduction in the internal

which lead to the wide -spread use of supercapacitors for arange of applications where
large power density and fast discharge rates were required (Sharma and Bhatti, 2010)
Lithium -ion supercapacitors, which were pioneered by FDK in 2007, was a milestone in
supercapacitor history where significant impro vements in capacitance values and

specific energy were achieved (FDK Corporation, 2007).

The relatively low energy densities , high-power densities, and high self-discharge rates
of supercapacitors limit their usage to secondary energy storage device and efficient

power regulation (Jost, Dion and Gogotsi, 2015)

2.2.1.3 Textile energy storage devices

With the advancements in ultrathin and flexible energy st orage materials, convertional
batteries and supercapacitors are being transformed for wearable applications for both
electrical energy storage and power regulation. Nevertheless, the flexibility and thin
profiles of these improved devices need significant upgrades before integration into
wearable and E-textile devices (Jost, Dion and Gogotsi, 2015) To address many of the
challenges associated with conventional energy storage devices for wearalle and E-
textile applications, the viability of integrating storage capability within  textiles, or
fabricating textile-based energy storage devices, have been explored. Textilibre -based
energy storage devices are reported to be superior over their polymer film and paper
based counterparts, due to their flexible, pliable nature, which pr events kinking, and

ability to recover their shape (Jostet al, 2011)

This has led to the emergence of a new stream of research into textile batteries and
supercapacitor systems (Jost, Dion and Gogotsi, 2014, 2015; Kaushilet al, 2015; Zhaiet
al., 2016) with an aim to improve the appearance and comfort for the wearer. Clothing

provides ample space for integrating charge storage capablity and therefore is
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considered as a viable platform for electrical energy storage systems for powering
wearable devices. The first attempts at creating textile batteries and supercapacitors
were reported by Yi Cui's group at Stanford University where th ey realized a single wall
carbon nanotube (SWCNT) ink coated textile electrode supercapacitor devices(Hu & al.,
2010) In 2011, Jost and co-workers (2011) reported the screen printing of activated

carbon onto massproduced cotton and polyester woven fabrics. The structure of these
energy storage devices was categorised hsed on their physical dimensionality (one-
dimensional or two -dimensional textile batteries and supercapacitors) by Zhai et al.
(2016). Onedimensional structures include conductive textile fibre or yarn (made of

conductive fibres or coated with conductiv e materials) pairs seprated by a membrane
material twisted or bonded together. Two -dimensional strucures were prepared by
coating fabrics with conductive material or by weaving or knitting together one -
dimensional energy storage structures. Jost, Dion and Gogotsi, (2014) followed a
categorisation based on form; namely, coated textiles, fibre and yarns electrodes, aul

custom woven and knitted fabrics.

In order to reduce the reliance on recharging, several attempts were reported in
developing hybrid textile en ergy systems, where energy storage and energy harvesting
capability were harmonized (Lau et al, 2019) The first of these works was reported by
Fu et al. (2013)where a fibre supercapacitor combined with a triboelectric generator was
created to store and harvest energy from body movements. Li et al. (2016a)reported a
flexible energy-smart ribbon with an organic photovoltaic face and flexible
supercapacitor backing, which could simultaneously harvest solar energy and store
electricity. Some of these works emphasized the use of supercapacitors to store energy
which is simultaneously harvested to minimize the frequency of recharging, while other
hybrid systems used the energy storage in the form of supercapacitors to regulate the

energy harvested.

While the primary function of these textile energy storage devices should remain storing
useful amounts of energy, desirable textile characteristics are critical for their adoption
for real life applications. While textile energy storage re mains a frontier of research in
the field of wearables and energy, existing knowledge on textile energy storage devices

may currently be insufficient to practicality power wearable devices, owing to poor
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durability, washability, appearance and comfort. In addition, any devi ces containing
corrosive liquid electrolytes pose significant safety concerns, which make them

prohibitive for wearable applications (Zhai et al, 2016)

In light of these drawbacks, many have proposed integrating energy harvesting
capabilities into clothing (Stoppa and Chiolerio, 2014; Bhatnagar and Owende, 2015)to
fully or partially power wearable devices usi ng ambient energy available from the
surroundings or the human body. Energy harvesting systems are alsobeing widely
investigated to minimize the frequency of recharging the energy storage devices using

electricity grids or to reduce the size and weight of portable energy storage devices.

2.2.2 Sources and methods of energy harvesting for wearables

Solar energy, wind energy, thermal energy from the body, and kinetic energy due to
body movements, are amongst the most widely investigated sources of energy (Beeby,

Cao and Almussallam, 2013) for wearable systems, including E-textiles.
2.2.2.1 Thermoelectric generators for wearables

Thermoelectric (TE) generators are semiconductor devices capable of generating an
electric current when exposed to a temperature gradient between two surfaces (change
in temperature over space) using the Seebeck effect as shown in Fig. 2.{Goldsmid,

2017)

Temperature

? ? gradient

Figure 21 - Schematic illustratiordepictingthe operation of a thermoelectric cell.

Electrical energy can be hawested by taking advantage of the energy gradient between

the body and environment, with the electrical power generation efficiency being
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dependent on this temperature gradient. Several attempts to develop wearable
thermoelectric generators have been repoted in the literature (Sebald et al. 2009; Stark
2012; Du et 4. 2015; Cao et al. 2016; ¢e et al. 2016; Li et al. 2016; Lu et al. 2016; Wu &
Hu 2016; ). Leonov (2013)found that for a wearable TE system, the conversion efficiency
is related to many key factors such as ambient temperature, wind speed, clothing
thermal insulation and Ew x1 UU OOz Uw E Eobversidn Lefickencyp Wab (elssw
El x1 OEIl OUwOOwUI 1 whkl EUIl UzUwOl UEEOOPEWUEUI dw"
power density attainable was around 60 pW/cm 2indoors (~20 °C) and about 600 pW/cn?
when there was an external temperature of 0 °C. Seeberget al (2011) investigated the
potential of screen printing commercially available organic conductive polymers such
as poly(3,4-ethylenedioxythiophene):poly(4 -styrenesulfonate) (PEDOT:PSS) and
polyaniline (PANI) as active ingredients to realise thermoelectric devices on woven
cotton textiles. While achieving a thermoelectric voltage of about +10 uV/K, the authors
identified that the generated voltage exhibited drift and fluctuations which made the
devices unreliable. Kim et al. (Kim, We and Cho, 2014)realized a textile based TE
generator system with a power density of 38 W/m -2 when there was a temperature
gradient of 50 K. In this work, a glass fabric-based flexible TE generator was
demonstrated using a scree-print ing technique. Self-sustaining structure of this fabric -
based TE device did not require top and bottom substrates. However, the above
discussed TE generators were fabricated using conventional thermo-electric materials
such as BiTes and PbTe which are brittle, toxic, heavy, and therefore undesirable to use
for wearable applications ( Du et al. 2015; Weng et al. 2016;)Also, it is to be noted that
to achieve power conversion efficiencies greater than 1%, the devices reported need to
be exposed to temperature gradients in excess of 20 K which are not practical for

wearable applications.

Pyroelectric generators can also be employed to convert thermal energy into electricity.
In contrast to TE generators, pyroelectric generators rely on temperature fluctuations
(change in temperature over time) caused by thermal diffusion, to generate electricity
(Sebald, Guyomar and Agbossou, 2009) This was not considered useful for wearable
applications due to low levels of skin temperature fluctuation (Du et al 2015)
approximately £1 °C even during strenuous exercising and sweat-induced cooling

(Kondo et al, 1997)
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2.2.2.2 Piezoelectric generators for wearables

A piezoelectric material is a solid material that can generate an electron flow when it is
mechanically deformed. Wearable piezoelectric generators utilize mechanical energy
generated by human motion to compress or elongate a piezoelectric material and
subsequently generate pulses of electron flow. The direction of the electron flow is
dependent on the form of mechanical strain (compression or tensile) undergone by the

piezoelectric material (Fig. 2.2).

Relaxed Tension Compression

Figure 22 - Schematic illustratiordepictingthe piezoelectric effeaVaqar et al. 2015).

Piezoelectric generators can be fixed onto regions on the body where large dynamic
compressive forces (directly compressing the material) or tensile forces (indirectly

stretching strands of fibres) due to motion are generated, such as the foot. A range of
different materials such as piezo ceramics (e.g. Lead zirconate titanate, barium titanate,
lead titanate, potassium niobate, lithium niobate), piezo polymers such as

Polyvinylidene fluoride (PVDF), piezocomposites consisting nanowires, carbon
nanotubes or piezoelectric copolymers have been reported in the literature (Ramadan et
al. 2014; Wagqar et al. 2015)PVDF has been used extensively in different physical forms
(fibres, yarns, films, tapes, nanofibers) for wearable applications due to its mechanical
flexibility, good chemical stability, and easiness to handle and the ability to be shaped

(Zhao and You, 2014)

A number of research efforts have reported on the development of textile based
piezoelectric generators (Chang et al. 2012; Yang & Yun 2012; Zeng et al. 2013; Akerfeldt
et al. 2014; Zampetti et al. 2014; D. Yun eal. 2015; M. Zhang et al. 2015; Song et al. 2015;
Anand et al. 2016) Various different types of piezoelectric stran ds have been made by
wrapping or twisting piezoelectric fibres (Zeng et al.2013) nanofibers or yarns (Chang

et al, 2012) or different fibre spinning techniques such as electrospinning (Zampetti,

26



Chapter 2 Literature Review

Bearzotti and Macagnano, 2014) or melt spinning bi-component fibre made with
poly(vinylidene fluorid e) sheath and conductive high density polyethylene
(HDPE)/carbon black (CB) core (Akerfeldt et al, 2014) These piezoelectric fibres and
strands have been convertedinto various forms of textiles including woven, knitted,
braided, spacer fabric structures (Soin et al, 2014; Anand et al, 2016)and non-woven
structures for different applications (Wagar, Wang and John,2015) One of the highest
reported power densities for piezoelectric fabrics have been reported as 80 mW/m2 by
Qin et al.for a twisted microfiber -TiO2 nanowire hybrid yarn struct ure (Qin, Wang and
Wang, 2008) however the input powe r was not provided , hence the efficiency or a
realistic comparison of the energy harvesting capability could not be derived . This is a

common aspect of prior-art in mechanical energy harvesters.
2.2.2.3 Triboelectric generators for wearables

Triboelectric generators can be used toharness energy from vibrations or frictional forces
generated by human motion or wind. A triboelectric generator (TEG) consists of two
dielectric material surfaces (A positive dielectric material and a negative dielectric
material in the dielectric series) applied onto metal electrodes, mechanically interacting

with each other in four different modes as illustrated in Fig. 2.3.
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Figure 23 - Different triboelectric generation modes. (a) Vertical contact seperation r

(b) contact sliding mode, (c) single electrode mode ande@ltanding tribelayer mode.

In the vertical contact-separation mode (Fig. 2.3(a)), the dielectric surfaces generated

electrons flow through the external load when alternatively contacted and separ ated
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from each other. The contact sliding mode (Fig. 2.3(b)) used the same electrode structure
and the electron generation occurred when the two dielectric layers slide between each
other while in direct contact. In the single electrode mode (Fig. 2.3(c)) a dielectric surface
and an electrode is present, with electron generation occurring by sliding or separation
between the surface and electrode. Finally, in the freestanding triboelectric-layer mode
(Fig.2.3(d)) two equally sized electrodes were induced with a charge imbalance by an
external dielectric material (e.g. a shoe with pre-induced electrical charge generated due
to walking). In this case, the asymmetric charge distribution of the two electrodes and
the nature of approach/departure of the dielectri c material off the electrodes create a

charge imbalance on the electrodes, resulting in an electronflow.

These systems can generate extremely high power densities of up to 1200 W/rh(Wang,
2013) however these high power densities are only instantaneous and result in
generating a high electrical potential difference between the triboelectric surfaces with
small pulses of current flow. Triboelectric generators are an emerging research topic in
the field of energy harvesting, and a number of textile and wearable triboelectr ic nano-
generator (TENG) systems have been reported in literature (Tang et al. 2014; Cheng et
al. 2015; Ha et al. 2015; Lee et al. 2015; Pu et al. 2015; Liu et al. 2016; PaleR016; Zhao
et al. 2016; Zhu et al. 2016) The highest reported power density, 336 W/m?2, was
demonstrated using a composite of aluminium nanoparticles and polydimethyl siloxane
(PDMS) (Leeet al, 2015) Despite the high voltage and power density, TENGs are highly
volatile and the total energy generated over a time interval was highly unpredictable.
Although the TENGs inherently have some energy storage capability in the form of
dielectric capacitors (Niu and Wang, 2014; Zhaoet al, 2019)this internal capacitance was
not sufficient to regulate the power output. Therefore TENGs require sophisticated
energy management systems to convert and regulate the power before being used to

power devices (Wang, Chen and Lin, 2015)
2.2.2.4 Electromagnetic induction-based energy harvesters for wearables

Electromagnetic (EM) induction is also a technique that has been investigated for
wearable devices, (Ylli et al, 2013; Teibmann et al, 2014; Zhang, Wang and Kim, 2015;
Cho. et al, 2016; Lee and Roh, 201&specially for shoes As with piezoelectric generators
and TENGs, the power output of EM induc tors is dependent on relative motion. The

relative motion between a conductive coil and a permanent magnet can induce an
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electric current that can be regulated to power a device; the operating principle of
generators used in electric power generation. Thereported textile -based devices of this
kind are typically heavy and bulky. A typical EM induction energy harvester has a
cylindrical permanent magnet in the core which is free to move inside a tubular structure

onto which the induction coils are mounted. P ower conversion rates reported in
literature for devices with thinner (~10mm ) profiles (Zhang et al. 2015)are below 1
mW/cm3 (Input power not quantified), limiting them to low power sensor appli cations
(Teichmann et al, 2014) Therefore, electromagnetic induction has not yet made
significant mark i n wearable devices or Etextile applications. Also, no noteworthy

report on fully textile integrated electromagnetic induction -based device was available

in literature.
2.3 Solar energy harvesting

Solar energy can be harnessed by irradiating sunlight upon semiconductor materials that
can release freeelectrons in order to generate an electron flow. This effect was first
observed by French physicist A. E. Becquerel in 1839 which is defined as the
photoelectric effect (Becquerel 1839). On average, around 170 W/#of solar radiation is
fraction (less than 0.01%) is converted into electricity (World Energy Council, 2013). Solar
cell or photovoltaic (PV) technology has come a long way from its first generation of
silicon (Si) solar cells, and stateof-the-art, multi -junction solar cells have a power
conversion efficiency (PCE) of 38.8 %(Green et al, 2019) Amongst the many wearable
solar energy harvesting systems reported, solar cells that can be casidered textile based
(the PV materials built into the fibres, yarn) have conversion efficiencies far behind the
industry benchmarks for industrial scale PVs, with efficiencies below 4% (Xu et al, 2016)
Nevertheless, these seemingly modest efficiency levels operate with a higher
predictability than other textile-based energy harvesting device that use other energy
sources. Considering the non-reliance on human activity (that can provide a truly non -
obtrusive user experience) to generate power and availability, solar radiation can
provide a good platform for developing a textile-based energy harvesting system,

especially for outdoor applications.
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2.3.1 Photovoltaic effect

2.3.1.1 Semiconductors

Semiconductors are a group of materials that have electrical conductivity that range
between electrical conductors (e.g. metals) and electrical insulators. They can release free
electrons when provided with energy above a value (band gap) determined by the
specific material type (Conibeer and Willoughby, 2014). Materials with very high band
gaps are electrical insulators and the electrical conductors such as metals do not
demonstrate a band gap as the conduction and valance bands overlap;therefore, the

exdted electron-hole pairs recombine readily.

Band gaps of typical semiconductor materials used in electronics are summarised in

Table 21 (Kettle 1986) below.

Table 2.1- Semiconductor Band Gaps (Kettle 1986)

Material Energy gap (eV)
0K (-273C) | 300 K

Si 1.17 1.11
Ge 0.74 0.66
InSb 0.23 0.17
InAs 0.43 0.36
InP 1.42 1.27
GaP 2.32 2.25
GaAs 1.52 1.43
GaSb 0.81 0.68
CdSe 1.84 1.74
CdTe 1.61 1.44
Zn0O 3.44 3.2
ZnS 3.91 3.6

As indicated in Table 2.1, the energy band gap will change with the temperature and
hence for a given material type the behaviour of the charge carriers (electrons and holes)

would depend on the absolute temperature.
2.3.1.2 Electron excitation by solar radiation

Solar radiation contains photons (energy packets) with wide spectrum of wavelengths
and energy levels, ome of which be partially absorbed by the atmosphere as illustrated

in Fig. 2.4. The atmospheric gases (mainly HO and CO2) are responsible for these
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absorptions. The energy of a photon (given by $ w4, wihe®& his the planks constant and

Sthe frequency) is determined by its wavelength.
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When a semiconductor is irradiated with photons, the photons have the ability to

transfer their energy to electrons in the semiconductor lattice and excite them from the

valance band to the conduction band (Fig. 2.5).
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releasing some of absorbed energy,
creating an electron-hole pair

2. Photon energy < Band gap

Electron will be ejected between
the energy bands, and recombine
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photon energy

Figure 25 - Excitation ofelectrons by photons inside a seonductordue to photons.

Electrons in the valance band contribute to the valance bonds between adjacent

semiconductor atoms. When the electrons in the valance band gain sufficient energy to

break the valance bonds (determined by the band gap) they become free electrons or

enter the conduction band that contribute to an electron flow. If the photon energy is

larger than the band gap, then electrons are released from the valance band to the

conduction band.
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2.3.2 Operating principles semiconductor solar cell

Within a semiconductor, electrons and holes can carry charges. An intrinsic
semiconductor, shown in Fig.2.6(a) is a pure semiconductor without any impurities.

Intrinsic semiconductors can be doped with electron donor, D (group 15 atoms) in Fig
2.6(b) or electron acceptor, A(group 13 atoms) in Fig. 26(c) impurity atoms to create N -

type or P-type semiconductors respectively.
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Figure 26 ¢ (@) Intrinsic silicon (Si)semiconductor. (b) Intrisic semiconductor dope
with donor (D) atom. (c) Intrinsic semiconductor doped with acceptor (A) atom.

In N -type semiconductors electrons are the majority carriers and holes are the minority
carriers, while in P-typ e semiconductors holes (vacancies of electrons) are the majoity
carriers and the electrons are the minority carriers. The doped semi-conductors have
different band structures and reduced band gaps to the intrinsic semiconductors as

shown in Fig 2.7.
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Figure 27 ¢ Structures and Band Rigrams ofh-Type andp-Type Semiconductors (e
Doping silicon with a group 15 element results in a rféled level between the valence a
conduction bands of the host. (b) Doping silicon with a group 13 element ré&sudts
newemptylevel between the knce and conduction bands of the h@@@hemistry Libetext,
2019)

By combining N type and P type semi-conductors a PN junction is formed. At the

boundary of the PN junction a depletion region (region where no free charge carriers

32



Chapter 2 Literature Review

exist) is formed by exchange of majority carriers across the boundary of the PN junction

developing a small electric field across the boundary of PN junctio n.

When a semiconductor PN junction is illuminated (Fig 2.8), electron-hole pairs are
generated on both the P and N sides of the semiconductor junction. With the increase in
carrier concentration, minority carriers on each side (electrons in P side and holesin N
side) start to cross the depletion region and drift to the opposite side (electrons to the N
side and holes to the P side) due to the electric field across the depletion region. This
charge movement increases the majority carrier concentration on both P and N sides.
When the PN junction is externally connected with an electrical conductor, the majority
carriers in the N side (electrons) flow through the conductor to recombine with maj ority

carrier in the P side (holes), generating an electric curent.
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Figure 28 - Charge carrier genelian and transport within a inorganic PN junction
semiconductosolar cell.

Theoretical maximum efficiency of a pn -junction Si solar cell is around 32.33%(Shockley
and Queisser, 1961)due to the maximum number of photons in the solar spectrum that

can exceed the band gapof 1.1 eV of Sipn junction .
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Figure 29 - Equivalent circuit for a solar cell (McEvoy et at. 2013)
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Solar cell performance can be analysed using an equialent electronic circuit, which
consists of an ideal diode, a airrent source (IL) and a resistor (RsH) connected together in

parallel to a series resistor (R) as illustrated in Fig. 2.9.

The relationship between the output current (I) and voltage (V) of a solar cell can be

given by the below equations.

0 0O O (2.1)
Where,

0 0z Agp— (2.2)
And,
0 — (2.3)

Here, "0, "ORO represent the photon-generated current, diode current and shunt resistor
current respectively. "O is the saturation current of the diode, Q is the Boltzmann
constant, and "Yis the absolutetemperature. A typical characteristic | -V curve for a solar

cell is given in Fig. 2.10.
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Figure 210- IV characteristic for a solar cell (@)der dark and illuminated conditions
Equivalent circuit for a solar cell (McEvoy et at. 2013)

In dark conditions a light induced -current will not be generated, and the 1-V curve will
represent the behaviour of the diode. Once illuminated, a photo current is generated,

and the I-V curve will be shifted upwards along the current axis. The intersection point
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of the 1-V curve on the voltage and the current axis gives the open circuit voltage (@ )
and the short circuit current ("O) respectively. w is the voltage across the solar cell
when no connection is made between the terminals (zero current is drawn from the cell),

which is the maximum possible voltage. 'O represents the current flow through a zero-
resistance conductor when connected between the terminals of the solar cell, which is

the maximum possible current.

The voltage (Vwr) and current (Imp) at the point where the maximum power (P wmax) is
generated is a usefd defining characteristic features of a solar cell. Fill Factor (FF), which
is a characteristic parameter for a given cell type, indicates the performance of the cell

when the maximum power is drawn and is defined below.

z

00

(2.4)

z

The power conversion efficiency (PCE) of a solar cell is the percentage of incident light
energy converted into electric energy by the solar cell (Eg. 2.5). Here, R is the incident

solar/light power received by the solar cell.

VOO ——/pnnbP———/pnnb (2.5)

2.2.3 Types of solar cells

Several different types of solar cells have been developed using different types of
semiconductor materials; the first generation of solar cells were of mono-
crystalline/multi -crystalline single junction type. The most renowned first -generation
solar cell type is the crystalline silicon (c-Si) solar cell, which still dominates the
commercial solar cell market. These first-generation solar cells are typically rigid and
brittle therefore, need to be mounted on rigid frames. The second-generation solar cells
were produced as thin films to reduce manufacturing costs (McEvoy, Markvart and
Casteger, 2013) The efficiency levels achieved were less than the single crystal types
except for gallium arsenide (GaAs) cells. GaAs cells were developed to compete with ¢
Si solar cells and are more expensive due to the hjjher cost of raw material. In recent
years these secondgeneration solar cells have been applied onto flexible substrates and
have become oneof the best options for applications requiring flexibility, conformability

to three-dimensional objects, and durability. While research is still ongoing to improve

the efficiencies of second generation thinfilm cells, the substrate material used to
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construct this type of cells are still limited to flexible sheets or films made of metals,
ceramics or glass(Feurer et al, 2016; Gerthofferet al, 2017) The third-generation of solar
cell technologies include multi -junction cells, organic photovoltaic (OPV) cells, hybrid
solar cells; namely dye-sensitized solar cells (DSSC) and perovskite solar cells which
employ inorg anic and organic material combinations with different photon absorbing,
charge carrier generation, and transport mechanisms. Typically OPVs are made of
photovoltaic polymer pairs (electron donor and electron acceptor pairs) such as poly-3-
hexylthiophene -2,5-diylpoly(3,4 -ethylenedioxythiophene):phenyl -C61-butyric acid
methyl ester (P3HT:PCBM) with metallic electrodes (e.g. Ti or Ag) and a transparent
counter electrode such as poly(3,4ethylenedioxythiophene):poly(4 -styrenesulfonate)
(PEDOT:PS5), indium tin oxide (ITO) or their combinations. DSSCs employ a
combination of organic and inorganic active materials where narrow -band gap metal
oxide semiconductor nano-particles such as TiQ: or ZnO are deposited onto a
transparent electrode such asPEDOT: PSSor ITO. An organic dye is adsorbed onto the
metal oxide layer which is also in contact with a reduction -oxidation (red-ox) couple
mediator, which transports photo -generated electrons to the metallic counter electrode.
The perovskite cells use matenials with a perovskite crystal structure ABX s (A =
monovalent cation, B = metal cation, X = halide anion) as the photm absorption material,
hence the name. These cells are built nearly identical to DSSCs with the active layer
consisting from perovskites. Most of these third -generation cell types are yet to make a
significant entry into large scale commercial applications due to the challenges faced in
scaling up of production, durability or cost. Multi -junction solar cells have successfully
managed to enter extra-terrestrial and concentrated photovoltaics (CPV) markets due to
their unparalleled conversion efficiencies, however their volumes remain small due to

the high cost.

In recent years the organic and hybrid cell concepts have shown great promise in
achieving improvements in conversion efficiency and durability which will allow them

to compete with fi rst and second generation technologies in the future, especially for
application demanding mechanical f lexibility (McEvoy, Markvart and Casta eer, 2013)
In June 2018 Oxford Plotovoltaics achieved a perovskite-silicon tandem solar cell with

a 28% conversion efficiency that exceeded the 26.7% efficiency world record for a single
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junction silicon solar cell. Table 2.2 outlines the highest levels of Power Conversion

Efficiency (PCE) levels achieved in laboratory conditions by the main types of solar cells.

Table 2.2- Highest reported solar cells efficiency levelsfdane 201§Greenet al,
2019)

Generation | Cell Type Power Fill
Conversion Factor
Efficiency (%)
1st Crystalline Si 26.7+0.5 84.9
2nd Gallium Arsenide (GaAs) thin film 28.8+0.9 86.5
Copper indium gal lium (di)selenide | 22.9+0.5 79.5
Generation PP g (ci)
(CIGS)
Amorphous Si 10.2+£0.3 69.8
3rd Perovskite 20.9+£0.7 74.5
G , Dye sensitised 11.9+0.4 71.2
eneration "o rganic 112+03 74.2
Five junction cell (bonded) 38.8+1.2 85.2

2.4 Solar energy harvesting for wearable applications

Amongst the other energy harvesting technologies explored for wearables, solar energy
harvesting has been one of the most invesigated avenues due to the abundance of solar
energy (International Energy Agency IEA, 2011) and the maturity of photovoltaic (PV)
technologies (Conibeer and Willou ghby, 2014)

Integration of photovoltaics into textiles, or fabricating solar cells on textiles, has been
driven by several factors, either as an effort to make stiff and rigid solar cells more
versatile (ease of trangorting, deploying and disassembling) for their conventional use
(off-grid or domestic solar applications), by making them f lexible, or by opening up new
applications such as for powering mobile, wearable or E-textile devices (J. | B Wilson and
Mather, 2015). It is to be noted that each approach has inherent challenges. For example,
mobile solar units powering off -grid sites need to withstand extreme climate conditions,
while E-textile applications demands not only wearab ility, but also the ability to surviv e

multiple wash and wear cycles (Krebs and Hosel, 2015)
2.4.1 Categorisation of wearable solar energy harvesters in literature

Various methodologies to integrate solar energy harvesting capability into textiles for

wearable applications have been explored over the years(Schubert and Werner, 2006;
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Kumar, 2011; Mather and Wilson, 2017). These approactes can be categorized based on

the photovoltaic material type (Fig. 2.11) or their physical structure (Fig. 2.12).
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Figure 2.11 - Categorisation of solar cell types used for textile applications based on

photovoltaic material type.

Despite the high efficiency levels and established knowledge which led to their
domination fo r mainstream PV applications, inorganic PV technologies including c-Si,
poly -crystalline silicon and other bulk semiconductor PV configurations have seen
limited exploration for wearable applications, mainly owing to their lack of mechanical
flexibility. T he demand for softness and flexibility has made traditional stiff and rigid
inorganic solar cells prohibitive for textile -based applications. Only a handful of
literature resources present the use of inorganic thin-film semiconductor materials as
coatings on textile structures (He et al, 2013; J.I1.B. Wson and Mather, 2015) These textile
structures are limited to a few substrate types (e.g. glass, ceramic, etc.) which can
withstand high process temperatures used in inorganic semiconductor material

processing, hence these are of little use for wearableapplications. Additionally, these
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coatings are prone to cracking and delamination under mechanical stresses(J.I.B. Wilson
and Mather, 2015). However, the application of organic photo voltaics (OPV) (Krebs et
al., 2006) hybrid photovoltaics such as dye-sensitized solar cells (DSSCs)Zhao et al,
2018)and perovskite solar cells (Jung et al, 2018)onto textile substrates have dominated

most of the textile based PV research.

Secondgeneration thin film solar cells applied onto flexible substrates have shown
promising results, with mechanical flexibility and durable solar energy harvesting
performance. Thin film PV laminates such as copper indium gallium diselenide (CIGS)
(Knittel et al, 2010; Nocito and Koncar, 2016and amorphous thin -film silicon (a -Si, T~
Si) (J. 1 B Wilson and Mather, 2015; Plentzet al, 2016; Mather and Wilson, 2017)have
been explored for textile applications. These thin film PVs have been laminated onto
textiles either by means of an adhesive layer or using a printed baselayer onto which
the PV film is laminated. In addition to their inherent flexibility, a strong inter est
towards OPVs, hybrid PVs and thin film PVs has emerged due to their afford ability and
recent improvements in efficiency. These technologies havealready proven themselves
as cost effective and mechanically versatile alternatives to inorganic solar cels and are
showing great promise for future wearable photovoltaics, however it is important to
note that these solutions are still incapable of achieving the efficiencies of inorganic cells
(Green et al, 2019) As with any film -based technology, thin-film PVs also cannot be
considered ideal due to the non-permeable nature of the monolithic structure of the
films. The majority of the materials used for hybrid and organic cells suffer from long
term-durability issues, and the ir performance deteriorates upon prolonged exposure to
sun (Chaeet al, 2013) this is a key challenge for their mass adoption. DSSCs in particular
can suffer from performance deterioration due to electrolyte leakages, and non
reversible chemical degradation. Some research has reported solidstate electolytes and
dye-electrolyte combinations with higher stability for DSSCs, howev er their efficiencies
were not comparable to traditional DSSC cells based on liquid electrolytes and dyes. The
most effective electrolytes identified as red-ox couples (e.g. iodine-based) in DSSCs
could be corrosive and toxic. In general, the inherent flexibility of these flexible PVs types
demands mechanically integrity with in and between photoactive and conductive layers.

Mechanical failures accumulated during deformations will result in drastic performance
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degradations. This is also a key consideration in adapting flexible PV technologies for

wearable applications.

A list of research work reported in literature categorized based on the solar cell material

type is given in Appendix 1.

From a wearability and apparel perspective, the categorisation of PV textiles based on
construction and structure is more relevant, since key textile characteristics (three-
dimensional conformability, air and moisture permeability, and appearance) are mostly
determined by how individual elements of the structure are assemble d together. All

textiles fabrics are made of yarns made from fibres. During the manufacture of a textile

fabric these yarns are bound together physically using interlacing (weaving and

braiding) and interloping (knitting) techniques. The type of yarn bin ding defines the
mechanical properties and air and moisture permeability of a textile. The shear
behaviour of a textile dominates the three-dimensional conformability, and the air and
moisture permeability of a textile structure is determined by the micro -sized capillaries

formed during the fabric manufacture.

P3HT:PCBM PEDOT:PSS

Textile fabrics mechanically
bonded/sewn premade
flexible PV cells

Conductive wires with PV/conductive
materials coated

PV
b(’nded/
AMinateq

Fabrics Polymer fibres/yarns/tapes
coated with conductive
and PV material

AN
bhy:j,jﬂu k

Fabrics made by interlacing one or a corrbination of
A PV wires
A PV-fibreslyarns/Tapes
A Conductive/metallic wires

Textile or Polymer/metal fabrics coated
with PV material/Conductive layers

Figure 2.12 - Categorisation of solar cell types used for textile applications based ¢

photovoltaic material type.
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The reported textile-based PV systems can be broadly categorized based on the structure

or construction methods shown in Fig. 2.12.

2.4.1.1 Attaching flexible solar panels onto fabrics using adhesives or sewing

The simplest method of adding solar energy harvesting capability to a textile is to
superficially attach flexible solar panels onto the surface of a fabric. Attaching flexible
solar panels onto fabric surface has been employed to developmany consumer products
such as backpacks, hand bags and luggage (Nocito and Koncar, 2016; Mather and
Wilson, 2017) in addition to apparels. The attachment of flexible solar panels onto
garments provided a convenient alternative to rigid solar panel s and power banks for
replenishing their mobile devi ces during outdoor activities. Amorphous silicon and

CIGS thin-film solar panels being amongst the most widely used cell types, due to their

good efficiency and long-term stability (Mather and Wilson, 2017).

Figure 2.13 - Prototype apparel with prabricated flexible solar panels attached onto
fabriE 6 WPE A w3 000 a w' D Ohcket ¥ Gy Bl ulIGud EYUhuKxABbull ol .
winter jacket with solar panels (Schubert and Werner, 2006). (c) Solar shirt develof
Pauline van Dongeifvan Dongen, 2018)

Early examples include the , EDl Uw 2 x OUUUz w xUOUOUaxT w i wEuU
(Fig.2.13(b)), which was first presented in Munich at the International Trade Fair for
Sports Equipment and Fashion (ISPO) 2006 and comprised nine amophous Si solar
modules from Akzo Nobel. The jacket could generate a maximum power output of 2.5
W under fu ll sun (Schubert and Werner, 20069 w3 0 00a w' DOI PT 1 Uz GwUOOE
(Fig.2.13(a)), released for the holiday 2014 seasor{Forbes, 2014used a similar concept,
and comprised flexible amorphous silicon solar cells was developed by Pavilion. Pauline
van Dongen developed a collection of designer wear with thin film solar cells (van
Dongen, 2018)EUUEET | Ewbl PET wbOEOUETI Ews 3T 1 w200EUwW21
under direct suOOBT T Dwep%bl 8 wl 8 hut E A A OwhH TuR2UWEFEA] uut (FOIE Yy w

combined into standardised, functional modules.
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These solar celtattached garment prototypes provided the first glimpse of wearable
solar energy harvesters; however, they were limited to heavy-duty out erwear and
futuristic fashion prototypes. The appearance, comfort and durability of these were not
comparable to regular clothing, hence these products were not appealing to regular
consumers. It was evident that in order to achieve satisfactory levels of wearability and
washability, new paradigms of PV device fabrication methods need to be explored in
order to enable the conformal (drapable and shear deformable) and structural

(hierarchical and porous) features that are inherent in textile structures.
2.4.1.2 Applying flexible photovoltaic films and coatings onto planar textiles

Printing (Ayse Bedeloglu et al, 2011; Arumugam et al, 2018) laminating or coating (P. .
Du et al, 2013) organic photovoltaics (OPV) (Krebs et al, 2006; Jinncet al, 2017; Jeonget
al., 2019) and hybrid photovoltaics suc h as dye-sensitized solar cells (DSSC)(J. Liuet al,
2018 Liu et al, 2019)and perovskite solar cells(Lam et al, 2017; Junget al, 2018)onto

planar textiles has been widely investigated for textile based PVs (Fig.2.14)

a Zn0 b . .
S P3HT.PCEM Passivation

Textile electrode Ag/MOOx
& Textile Active layer \ Ultraflexible OPV
,‘, ITO/Zn0 ~— Q‘

Substrate —1*

Figure 214+ Schematic illustration of the textile based OPV developed hggat al.,
(2014)and (b)Jinno et al.(2017).

One of the first reported printed PVs intended for textile fabrics was made by Krebs and
co-workers (Krebs et al, 2006)where organic photovoltaic d evices were fabricated onto
non-transparent polyethylene terephthalate (PET) or Polyethylene (PE) tapes and
Indium tin oxide (ITO) coated glasses. Two strategies of fabric integration were
explored; in the first method, PET tapes coated with organic PV materials using a doctor
blade method were subsequently laminated on to a suitably transparent textile fabric, in
the second method PE tapes were first laminated to the fabric prior to the application of
the PV coatings and electrodes onto the tape. The powerconversion efficiency (PCE) ard
fill factor of these textile coated PVs were 1.4i 103 % and 25% respectively, and

substantial degradation of performance was observed even within two hours of direct
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exposure to light (1 Sun intensity). The degradation of performance was mainly
attributed to the instability of photovoltaic material under sun light. Similar work was

presented by Bedeloglu and coworkers (Bedeloglu et al, 2009) using polymer PV
coatings on six different substrates (PP based and ITO/glass based), where the maxinam
PCE achieved was~ 0.37 % for ITO/glass based substrate. Bedeloglet al. subsequenty
realized a 0.29 % PCE for nanesilver coated PP tapes which could be laminated onto

textiles.

Sundarrajan et al. (Sundarrajan et al, 2010) attempted to fabricate a polymeric PV
nanofiber web for textil e applications using core-shell electrospinning technique,
however the PCE achieved by these PV webs were only 0.087 %. In order to make flexible
PV films more compliant for wearable applications Lipomi and co -workers (Lipomi et
al, 2011) devised a stretchable polymer solar cell by spin coating a pre-strained
polydimethyl siloxane (PDMS) film with p olymeric PV material s. These stretchable films
achieved a PCE of 2 %. This strategy of oating pre-strained PDMS, or similar elastic
films, was adopted widely in subsequent studies to achieve stretchable PV films.
Polymer PV films were prepared by Kaltenbrunner et al.(Kaltenbrunner et al, 2012)on
| ws OwUT b 6 thdt é&Bihitdd @ PCE of 4 % Importantly, the areal density of these
PV films was as low as 4 gnt2. It was possible to attach these ultrathin films onto pre -
stretched elastomeric films to realize stretchable PV films as previously achieved by
Lipomi etal.. Kylberg et al.developed organic PV coatings on woven structures made
with a combination of metal and polymeric mono -filaments (Kylberg et al, 2011) One
side of the woven structure was coated with a transparent PET filler material (this side
was used as the active side to apply aPEDOT: PSSelectron transport layer and P3HT:
PCBM active material), with the back electrodes coated on the other side of the woven
structure. This construction resulted in a flexi ble polymeric film with a PCE of 2.2 %. A
stitchable organic photovoltaic cell was proposed (Lee et al, 2014) where a fabric
electrode prepared by weaving PE multifilament yarns coated with metal multilayers of
Ni-Cu-Ni-Au. The authors presented a construction where at least part of the solar cell
was a textile structure. These cells managed to achieve a PCE of 1.86. A fully spray
coated OPV was realized by Arumugam et al (Arumug am et al, 2016)on a polyester

cotton blended plain woven fabric, after smoothening the fabric surface using a screen

43



Chapter 2 Literature Review

printed interface layer. The interface layer provided a smooth surface to deposit the OPV

coating. This construction, however only yiel ded a PCE of 20 103%.

For the first time an organic PV film (Fig.2.14(b)) was presented by Jinno and coworkers
for wearable applications which claimed to be waterproof and washable (Jinno et al.,
20179 w3l 1l awi EEUPEEUI EwUT | whick payldhé D whicl we® Ow Ew hud Y45 O
UUEUI gUI OUOa wEOY I UihigkpdrydeneHil® Qdldrrédtoasfied siadding
OPV by the authors). The free standing OPV exhibited a high PCE of 7.9 %. The
washability of the free standing OPV was demonstrated by dipping the device in beaker
of stirred distilled water for 30 minutes, and in stirred 10% detergent water for 5 minutes.
3T 1T wiUlIl wOUUEOCEDPOT w. / SWwPEUWUEOGEPDEIT | Ethickl UpT T OwUPO
layers of acrylic elastomer with the aim to achieve stretchability and better compatibility
with water. Another test was performed by dipping the free standing and sandwiched
devices into distilled water for 120 minutes, which showed ~20% and ~5% reductions in
PCE respectively. A recent study on OPVs with a SiO 2t polymer composite capping -layer
encapsulation, developed on a woven fabric (Jeonget al, 2019) has seen more rigorous
washability test where the OPV devices were stirred in 2% detergent solution inside of
a beaker for 10 minutes after subjecting the device to 1000 bendig cyclesat a bending
radius of 3 mm. This test was repeated up to 20 times for thirty days and the OPV devices
showed no significant change in performance after this time. These devices also
generated impressive PCE of 7.26 %. This construction however dd not yield
stretchability, although it could undergo thousands of bending cycles without a
deterioration in performance. In comparison to previous reports of flexible OPV devices
for wearable E-textile applications, these two liquid -water-compatible devices showed
great promise and were clearly are leaps forward in achieving wash durable PVs for
wearable applications. However, the washability and water compatibility tests
conditions employed in this study were mild, and far from the vigorous hydro -
mechanical, thermal and chemical processes undergone by regular clothing in a

domestic washing process.

PV films and coatings based on DSSC and perovskite technologies were also explored
for wearable applications, however none of these were able to demonstrate levels of
mechanical robustness and compatibility to water or washing achieved by some of the

OPVs discussed earlier. One of the first studies on textile based DSSC was presented by
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Du et al(P. Du et al, 2013)where ~37 Glong TiO2/MgO nanorods were physically bound

to PET non-woven fabrics using an acrylic binder, onto which the organic dye mol ecules
were adsorbed. These devices demonstrated a PCE of 3.93 %, however the lonrterm
stability was not evaluated. A cotton fabric based D SSC was presentedXu et al, 2014)
where a Ni-polypyrrole coating applied on the cotton fabric was employed as the
counter electrode to replace fluorine-doped tin oxides commonly used for DSSCs. This
fabric based DSSC was flexible and yielded a PCE of 3.3 %. The PCE was further
enhanced up to 3.83 %by the same research team in 2016 by optimizing the surface
resistance of the Ni-polypyrrole coating (Xu et al, 2016) DSSCs were prepared on metal
wire woven structures without using transparent conducting o xides (Min Ju Yun et al,
2016)by employing float printing deposition onto a plain -weave, which generated PCE
of 4.16 %.0Opwis et al.realized a DSSC on a polyamidecoated glass woven fabric (Klaus
Opwis et al, 2016)that generated a PCE of 1.1 %; these were stable in performance for at
least seven weeks and showed mproved efficiency at lower incident light intensities. A
DSSCs was developed on woven polyester cotton fabric (J. Liu et al, 2018)by screen

printing an interface layer onto the fabric before coating it with Ag electrode (Fig 2.15).

Moy oo o PEDOT:PSS
0.
*Ta e o
- ... a

« — — TiO, compact layer

————— Silver
«= — —  Polyimide
«— — Glass fibre textile

Figure 2.15¢ Schematic diagrarehowing ansometric view o&textile based sohd

state DSSC devicdLiu et al. 20B).

This approach was similar to how Arumugam et al prepared the fully spray coated
textile based OPVs.The resultant DSSCs exhibited a PCE of 2.78 %. A novel approach to
preparing textile DSSCs were presented (Yun & al., 2019)where a three-dimensional
structure was developed by sandwiching an electrolyte -infused woven glass-fibre
spacer faoric, between two stainless steel woven fabric electrodes using an interlock

stitching process. The electrode fabrics were coated with active materials prior to the
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sandwiching process. Finally, the sandwich structure was encased inside of a pouch
made of a polyester film which was filled with the electrolyte. The prepared DSSC
generated a PCE of 1.7 %. A recent report on fully encapsulated liquid electrolyte based
DSSC, developed on a woven glass fabric(Liu et al, 2019) revealed that the stability of
the developed cells deteriorated from a PCE of 3.24% to 1.03% during three months of

exposure to ambient conditions.

Perovskite material coated PV textiles have also been developed recently, where cell
architectures similar to the DSSC coated textiles where used These perovskite PVs
generated significantly better power densities and longer stability compared to their
DSSCs counterparts. For example, Lam and ceworkers (Lam et al, 2017)reported a
textile-based perovskite PV laminate using SnO/PCBM active layer and an elastomeric
encapsulation covering the fabric and active layers with an unmatched PCE of 15 % for
a fabric based device. The researches claimed that the ductile elastomer used for
encapsulating the device yielded a good flexibility and pote ntial washability; however
experimental evidence to prove these claims were not presented.Jung et alreported
perovskite solar cells prepared via low -temperature solution -processing (Jung et al,
2018) adopting a planar heterojunction architecture on a textile substrate. A
polyurethane coating on the textile fabric enabled the low -temperature solution
processing where the resultant solar cells achieved a good PCE of 5.7 %. CIGS thin film
coatings were presented on glassfibre-woven fabrics by Knittel (Knittel et al, 2010)
which achieved an impressive PCE of 8.0 %. A similar amorphous Si thin-film co ated
glass fabric PV was realized with a PCE of 1.41 % by Plentzet al.(2016) however this
approach was not suitable for applying PV functionality directly onto standard
polymeric textiles substrates such as PA or PET due to high processing temperatures.
Despite their future potential, low temperature processed thin -film PV technologies
(Hou et al, 2009)are currently not reported for wearable applications. In general, the
printed, coated or laminated multi -layered PV structures, are either prepared directly
onto a planar textile surface or patched onto the textile surface after partly or fully pre -
fabricating the device. The former often requires a fabric surface preparation step to
make the fabric surface electrically functional or morphologically smooth (using a
coating or by laminating a film) for the application of the PV device. Some methods

involve developing PV device on textile surfaces made with inh erently functional (e.qg.
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electrically conductive) fibres or yarns. To achieve long term stability and compatibility
with water, the devices have to undergo an encapsulation step using a thin film or a
flexible coating (sometimes elastic) with excellent barrier properties. Regardless of the
approach followed or the functionality achieved, one thing common to all these planer
PVs is the resultant of a non-permeable, non-porous structure. Despite being inherently
flexible or stretchable, when applied onto large area textiles (which are inherently
porous due to the openness of woven or knitted structures), these PV materials inhibit
the air and moisture permeability of the base textile, which is critical for the comfort of
the wearer, especially during warm and humid conditions. Also, these PV systems
significantly alter the colour and fibrous surface morphology of textile fabrics. For
example, most PV films have a smooth glossy surface with a rubbery or foil -like texture
and the colours are typically limited to the inherent colours of the photoactive or
electrode material. This would significantly change the appearance and hand-feel of the
textile fabric. In terms of mechanical behaviour, textile fabrics possess the ability to
undergo large deformation s, without accumulating structural defects. This is due to the
hierarchical fibre entanglement of textile structures, where the yarns have a high degree
of freedom to move independently within the macro structure and reorganize, without
changing their micr o-structure (i.e. yarns can move independently without changing the
fabric structure and fibres can deform independently without collapsing the yarn
structure). However, when a monolithic coating or a film is applied on to the surface of
a textile fabric structure, it permanently binds the textile fibres and yarns together and
occupy the empty spaces between individual fibres in yarns; this significantly hinders
i PEUI Uz wEQEwWAaEUOUzwi Ul 1T EOOwWOl wOOYI OI OUwPT 1 Ou
2.4.1.3 One dimensional (1D) photovoltaic structures

With the aim of addressing the disadvantages of coated or film -like planar PV materials,
scientists have been exploring the alternative routes of developing one-dimensional (1D)
PV devices in the form of fibres, yarns, wire s or tapes (e.g., narrow woven and knitted

tapes) for fabricating planar PV devices using a bottom-up approach. Two main routes
have been explored for creating such onedimensional devices with regards to the base
material; initially, metal wires, carbon-basedfibres (Carbob fibres, CNTs) or conductive
polymer filaments were employed as the core with the other layers built on top of them

to create P\tfibres. The other method presented in the literature utilized conventional
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polymeric textile fibres as the base material to build the 1D devices. The latter approach
is more desirable for retaining the textile features of the resultant planar structure due
to better flexibility and lower stiffness , while the former allows for a simpler fabrication

process and better device performance (in terms of PCE)due to lower electrical

resistance of the coreelectrode.
2.4.1.3.1 Photovoltaics using non-polymeric fibres or wires.

Use of metal wires or carbon-basedfibres as the core to craft 1D photovoltaics (PV-fibres)
has been investigated, where the conductive material was coated with various
photovoltaic material combinations to create organic, hybrid or inorganic co -axial-fibre
shaped solar cells. In principle the stacking of PV layer(s) and others onto the fibre
surface was similar to the coated, laminated or printed films discussed eatrlier, with the
small cross sections and large aspect ratios allowing them to be woven into fabrics.
Literature suggests that, hybrid PV (predominantly DSSCs) technologies have
dominated the research on PV-fibres, due to their ease of adaptability to one-
dimensional flexible structures. The conformal electrolytes (mostly liquid or gel) used in
DSSCs allow these PMibres to deform while maintaining the integrity of the PV
structure. However, DSSC can suffer performance degradation caused by leakage of
electrolyte due to the deficiencies of the encapsulation. A typical DSSC fibre is fabricated
on a Ti wire core, where TiOz or ZnO nanoparticles or nano-wires are grown on the Ti
wire before adsorbing the sensitizer dye (Fig.2.16). It is widely understood that the
catalytic performance of both the electrode and counter electrode is instrumental for
achieving enhanced PV performance, and therefore nancscale modifications to the
electrodes are often implemented (Cavallo et al, 2017). In some reports, Ti wire was
replaced by stainless steel or carbonnanotube based wires. The counter electrodes have
often taken the form of a Ti or Pt wire twisted around the working electrode (other
conductive strands such as CNTs were also explored) before encasing the twisted

assembly inside of an electrolyte (predominantly liquid bas ed) filled encapsulation.

Early studies of these DSSCs had limited flexibility and mechanical robustness due to

the capillary tube encasements employed, and the poor adhesion between the Ti wire
and the TiO2z nano coating (Ramier et al, 2008) Several reports have seen the metal wire
counter electrodes being replaced by a transparent conductve metal oxide (e.g. ITO)

capillary tubes; these tubes also served the purpose of encapsulating the device,
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however, they make the device stiff and rigid which is undesirable for a textile
application. Lv et al.(Lv et al, 2011)reported a DSSC wire with the twisted working
electrode / counter electrode configuration encapsulated by a electrolyte filled capillary
tube, which generated a PCE of 5.4 %: Theauthors further investigated the lensing

effect of the capillary tubes employed for encapsulating the device.

a
Electrolyte
- Dye-absorbed
> modified Ti wire
Graphene/Pt
composite fibre
b O 7 twisted CNYs (WE)

Figure 2.16 ¢ (a) Schematic of a Wire metal core based DSSC wire develogedhing
et al. (2013). (b) Threelimensional representation and SEM images of a cal

nanofiber core based DSSC wire realized byetah (2014).

DSSCs fibres with carbonrnanotube (CNT) based working electrodes and counter
electrodes have been presented in the liteature (Cai, Chen and Peng, 2012; Chen, Qi,
Cai, et al, 2012; Veltenet al, 2013; Yanret al, 2014) which resulted in metal free PV -fibre
devices, with improved flexibility and weavability. These exhibited power densities

ranging between 2 -3 % with the exception of the CdSe/CdS quantum dot modified

working electrode and solid electrolyte based twiste d DSSC presented by Yan et al.
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which generated a PCE of 6.24%. Zhang et al.(S.Zhang et al, 2012)proposed a modified
CNT based DSSC fibre by replacing the CNT counter electode with a Pt nanoparticle
adsorbed, twisted CNT film which yielded a PCE of 4.85 %. Yang et al.(Yang et al, 2013)
managed to realize a PCE 0f8.45% with a Ti/TiO 2/Pt working electrode by replacing the
Pt counter electrode with a Pt nanoparticle modified graphene oxide (GO) fibre. A multi -
working electrode structure with six Ti/TiO 2working electrodes assembled around a Pt
counter electrode was proposed by Liang et al. (Liang et al., 2015) The assembly was
inserted into a flexible plastic capillary tube filled with an electrolyte. This multi -
working electrode structure achieved a PCE of 9.1 %. In 2017Fu et al. (Fu et al, 2018)
reported the highest PCE record of 10 % for a DSSC type PV wire, which was aeated
using a core-sheath twisted CNT fiber counter electrode modified with Pt. The authors
used a Ti/TiOz2 working electrode as the core of the wire which was treated with a N719
(CssHseNeOsRuS) sensitizer dye and iodine based red-ox couple. The DSSCfibres
showed >80% of its original efficiency after 2000, 90 bending cycles (Bending radius not
provided) . The long-term stability of the device was not reported. The researchers hand
stitched the PV-fibres onto a T-shirt to demonstrate their power generatio n capability by

connecting to a commercial pedometer.
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Figure 2.17 ¢+ (a) Schematiof a Ti wire metal core based perovskite PV wire devel
by Qiu et al. (Qiu et al, 2014) (b) Structure of double twisted perovskite PV ye

prepared on carbon nanotube fibre electradeset al. 2016)

Perovskite based coaxial fibre PV devices (Fig 2.17) have recently emerged, addressing
some of the challenges faced by DSSCs while also maintaining some of the favourable
structural f eatures of DSSC devices. The c@xial fibre perovskite cells used a similar
working electrode and counter electrode configuration to the DSSCs while the dye -
electrolyte combination in a DSSC was replaced by a perovskite active material, enabling

an all solid-state PV-fibre. One of the first perovskite PV -fibres intended for us e in fabrics
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was reported by Qiu et al. (Qiu et al, 2014) They employed a stainless-steel wire
electrode deposited with a mesoporous TiOzlayer, which was subsequently coated with
CH:sNH sPbls perovskite sensitizer material. A hole transport layer was applied onto the
sensitizer-coated working electrode and a CNT sheet was wrapped as the counter
electrode to realize the P\ fibre. This construction managed to generate a PCE of 3.3 %.
He et al.(2015)followed a similar approach where they replaced the TiO 2 layer with a
ZnO nano-rods grown on a stainless steel wire. The resultant PV-fibre generated a PCE
of 2.61 %. The PWfibre showed a 7 % change in performance after 200 bending cycles of
30°. A double twisted perovskite yarn was developed by coating one CNT fibre bun dle
with TiO 2/sensitizer/hole transport layers and twisting it with another CNT fibre bundle.
This PV-fibre device realized a maximum PCE of 3.03 % and was stable after 96 hours in
ambient condition, and 1000 bending cycles of 30° (bending radius not provi ded). Hu et
a. (Hu et al, 2016)reported a fibre-shaped perovskite solar cell using an Au counter
electrode in a co-axial construction which resulted in a PCE of 5.3 %. It was clear that
amongst the flexible PV technologies explored for co-axial PV-fibre devices, Perovskites
show the highest potential for wearable applications, due to their all -solid construction,
and excellent mechanical stability; although long -term stability and superior power

conversion efficiencies achieved by their planar form devices are yet to be realized.
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Figure 2.8+ Schemact of a typical design for a metal core based organic PV wire.

(Chuangchote, Sagawa and Yoshikawa, 2011)

Co-axial fibore PV devices have also been created using OPVs(Lee et al, 2009;
Chuangchote, Sagawa and Yoshikawa, 2011; Liuet al, 2012)(Fig.2.18) , inorganic PVs
(Chen, Qiu, Kia, et al, 2012; L. Zhang, Shi, Li,et al, 2012) or thin-film PVs (L. Zhang,
Song, et al, 2012) however these have not made significant advancements in
performance and have not been frequently explored recently. This may be due to their
unsatisfactory flexibility, mechanical robustness, the complexity of the production

process, or potentially low power conversion efficiencies (<4%) in comparison to DSSC

or Perovskite metal core fibre/wire shape devices.
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2.4.1.3.2 Photovoltaics using polymeric fibres with multilayered conductive and
photovoltaic material coatings.

While conductive core based co-axial or twisted constructions was the most widely
explored route for fibore PV devices, polymer core/ substrate-based fibre photovoltaics
have also been studied with the aim of achieving improved mechanical robustness and
conformability during subsequent processing and use. . 7" OO0 OU uwarkeis w E O
P. 7" O000OUOW/ bxI uwked polyithitleGdoded Sllicd filjey ad #he core of the
PV-fibre to fabricate an OPV fibre. Thin films of conductive material and organic active
materials were deposited by vacuum thermal evapor ation to devise a PV-fibre with a 0.5
% PCE. An OPV fibre (Toivola et al, 2009)was realized on a polymethyl methacrylate
(PMMA) optical fibre which did not generate notable amount of power (PCE< 0.1%).
Bedeloglu et d. fabricated a polymer PV-fibre (Fig 2.19(a)) starting with a polypropylene
(PP) fibre core, which only generated 0.021% PCH a. Bedelogluet al, 201Q. A stretchable
dye-sensitized solar cell was presented by Yang et al. where a CNT fibre tape was
helically wrapped around a rubber fibre (Fig. 2.20(b)) to be used as the elastic counter
electrode (Z Yang et al, 2014) Subsequently, a helcal Ti/TiO2 working electrode
adsorbed with the dye -sensitizer was wrapped around the elastic counter electrode. This
construction was highly conformable and was able to generate a PCE of 7.13% which

was maintained during stretching.
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Figure 21914 (a) A schematic of a polypropylene fibre core based organic P\ w&ir¢
Bedeloglu et al, 2010) (b) A Schematic(top) and SEM imaggbottom) of a stretchable

DSSC wire prepared by wrapping CNT fibre tape around a rubber ¥ang (et al. 2014).

There has been a wide range of work investigating fibre/wire/tape shaped PV devices
transformed into planar form (e.g. a woven textile) as discussed in 2.4.1.4. The above
discussed fibre-PV devices however, have been only demonstrated in fibre/wire form.

Therefore, their performance in planar form (i.e. fabric form) needs further investigation
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to establish their feasibility for wearable applications. For example, the feasibility of
weaving these in to fabrics and mechanically robustness, asthetics, and wash durability
of these PV-fibres in fabric structures need to be examined. In principle these PV-fibre
devices can be used to make fabrics that exhibit limited desirable textile characteristics
(e.g. air/lvapor permeability and shear deform ability), but their app earance, surface
texture, and flexibility appear to be significantly different from that of textile fabrics
made of conventional textile yarns intended for wearable applications. Hence, it is
doubtful that these PV -fibre devices could be adapted for poweri ng wearable or e-textile

devices for regular clothing.
2.4.1.4 Textile fabrics made by weaving yarns with PV-fibres.

To understand the drawbacks of coated or laminated planar PV materials is to weave
PV coated wires or flexible PV tapes. Woven structures prepared using wires, fibres,
yarns or tapes containing PV materials, various hon-woven webs comprising PV -fibres
or PV-coating, are found in literature that demonstrated flexible planar PV devices (Fig.
2.20).

w— T] wire i -
a == CNT yarn / = b
## CdSe nanowires

Fiber cell

CdSe-Ti wire . Fabric cell with multiple : - <
CNT yarns L)) g
/ @ WPBT JZn0 A
CNT yarn y \
J M Cul _C Electrod;
Fabric cell with a single EMn W Cul ECu EElectrode
CNT yarn

Figure 220t Schematic illustrations of woven photovoltaic fabrics using (a) CdSe coa
wire working electrodéL.. Zhang, Shi, Ji,et al, 2012) and (b) ceaxially coated polybutylent
terephthalate (PBT) fibredlannan Zhang et al, 2016)

These fabrics woven with PV-yarns (made using PV-fibres) or PV-narrow -tapes bendit
from the inherent flexibility and conformability rendered by the interlacing of yarns or
narrow -tapes in the woven structure, where the individual elements (wires, fibres or
narrow -tapes) of the weave were free to undergo relative deformations due to external
stresses even if the individual elements are not stretchable. A woven structure with
discrete PV wires or tapes would allow the structure to permeate air and moisture, which

is critical for a wearable application. Most of the woven fabrics realise d fully functioning
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planar PV modules by combining separate working electrode and counter electrode
strands. Here the interlacing points within the woven structure provided the electrical
interconnects to complete the fully functioning PV cell. Another app roach for creating
PV woven structures is by using fully functional PV wires or yarns with both the
electrodes (working electrode and counter electrode) within the same strand similar to

those discussed in 2.4.13.

In most cases, these woven devices did mt report power densities based on total planar
area of the PV wire distribution, but only based on the area covered by the PV elements
(wires or narrow tapes). It is important to note that a true comparison of s uch woven
devices can only be made with the actual fabric area-based power densities. Conversion
of 1D solar elements to woven fabrics would involve significant shading due to the
interlacing points, that will affect the conversion efficiency of the fabric s. However little
consideration had been paid to characterise or theoretically estimate these effects in
literature. Also, in these studies, any evidence of long term wash and wear durability

was not forthcoming.

An early example of a woven PV fabric was reported by interlacing a CdSe coated Ti
wire as a working electrode with a set of CNT yarn used as counter electrodes(L. Zhang,
Shi, Ji,et al, 2012) This device demonstrated how a photovoltaic planar structure can be
fabricated by using interlacing points for electrical contacts. The CdSe coated wires in
the fabric structure had a PCE of 1.24 %, which was lower than the same CdSe coated
wire twisted with a CNT counter electrode (2.9 %). This was attributed to the
comparatively low number of contact points and contact pressure between the two
electrodes in the woven structure. Pan et al.prepared woven mesh like electrode pairs
(Pan et al, 2014)which were stacked together to create a DSSC fabric structure. The
working electrode was woven using T iOz nanotube grown Ti wires which were
subsequently adsorbed with the sensitizer dye. The counter electrode was made using
woven CNT yarns. Stacked electrodes were sealed and injected with the electrolyte to
realize a DSSC which exhibited a FCE of 3.10%. The PCE of the device showed less
dependency on the incident angle in comparison to the planar devices; this behaviour is
desirable for mobile applications, where the incident light angle is unpredictable. The
reason for this uniformity in per formance was due to the circular cross sections of the

electrodes and the spacing between the adjacent electrodes in the same plane of the
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fabric; this minimized the shading effect of nearby electrodes at higher incident angles.
Similar to the coated or laminated PV devices, the need to fully encapsulate the device
hindered the permeability and flexibility of the final product. In an effort to improve the
textile appearance and feel of PV woven textiles, a few attempts to weave P\tibre
devices along with r egular textile yarns have been reported in the literature (Chai et al,
2016; N Zhanget al, 2016; PLiu et al, 2018) Zhang et al.demonstrated a woven fabric
solar energy harvester by interlacing all-solid-state coaxial DSSC working electrodes
(weft yarns) with metal coated polymer counter electrode (warp yarns) (Nannan Zhang
et al, 2016) The working electrodes were prepared by coating Mn/ZnO nano -
rod/sensitizer dye/hole -transfer layers onto a polybutylen terepthalte (PBT) fibre. The
functioning solar cell was completed by using the warp weft interlacing points for the
electrical connections between the two electrodes. A single wire-shaped solar cell unit
was reported to have a PCEof 1.3 %, which is lower than some of the coresheath type
DSSC fibres dicussed in previous section; however, the demonstration of the woven
form energy harvesting capability using a regular tighly woven structure was a novel
aspect of this work. Zhang etal. conducted mechanical stress analysis of the PV elements
within the woven structure and studied the effect of mechanical stress on the PV
performance. Further, the effect of counter electrode (warp) density and the woven
pattern (plain, twill or satin) on the PV performance was analysed. The results showed
that the warp densities and the weave structure which realised the highest number of
interlacing points (or the contact points between the warp and weft) yielded the best
PCEs. Bending tests were condicted with no significant change in performance
observed after 500 cycles (Bending radius not given). Fabrics woven using the
afromentioned PV -fibres and wool yarns were also presented, however the energy
harvesting capability of the wool blended fabric was not investigated. The same DSSC
wire structure was utilized by the team to prepare an all-solid-state textile woven device
to simultaneously harvest and store solar energy (Chai et al, 2016) The solar energy
harvesting section of the fabric was relized by weaving together DSSC working electrode
wires (weft yarns) and Cu coated polymeric counter electrode (warp yarns), in addition
cotton yarns were used to fill the gaps between the elctrode wires. A PCE of ~1% was
reported, however it was not clear whether this was based on the fabric area or the wire
area. The researchers reported that the device had a stable performane after two months

of exposure to ambient conditions, and after 100 bending cycles of 120 (Bending radius
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not provided). The same research team created a similar woven textile that could harvest
solar and mechanical energy simultaneously (Chen et al, 2016) The fabric generated a
xObPl UwET OUDP U & whdr woin by a6 harBad® walking under 80m W/cm?2 sun
intensity. The solar energy harvesters used in this work were DSSC ccaxial type wires

identical to that used by Zhang et al.

Liu et al.reported a woven PV structure (Fig 2.21) realized by weaving OPV working

electrode weft wires with counter el ctrodes asa warp (P. Liu et al, 2018)

® Cathode ™ Anode
Electron transport layer
= Anode fiber ® Hole transport layer
= Active layer

== Modified cathode fiber

Figure 2.21¢ Schematiofwoven photovolia fabrics using metal wires coated with orgai
PV layers Liu et al. 2018)

This successitillly demonstrated the weaving of fibre shaped PV structures using
industry standard weaving loom, which was a key milestone in texti le PV devices. This
fabric also employed the interlacing technique to achieve electrical interconnections
between the workin g electrodes and counter electrode wires. The ceaxial working
electrode was prepared on a Ti wire core by coating ZnO buffer layer, PTB7:PCiBM
active layer, and a PEDOT: PSShole transport layer sequentially. Ag -plated nylon was
used as the counter electode. The warp was prepared by alternating Ag -plated nylon
and cotton yarns. The resultant woven fabric exhibited a PCE of 1.62% (wire form). The
fabric showed a less than 15 % reduction in performance after bending up to 8C°(bending
radius not provided) and had no deterioration of performance after 1000 bending at 20
and 1000 twisting cycles of 180, indicating relatively higher stability to other devises of
the same type under mechanical deformations. The fabric was very similar to a r egular
woven fabric in terms of appearance. In summary, this study has demonstrated
promising prospects for the future of woven w earable PV devices in many aspects,

however the strategies to improve fabric level PCE to compete with coated/laminated
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textile PV devices need to be investigated if these woven PV wires or fibres are to have
practical applications. It was obvious that by improving the density of working
electrodes the PCE of the fabric could be enhanced, however this would have significant
implic ations for the conformability and softness of the fabric, which would need to be

considered.

One approach of improving the PCE of woven PV textiles is by replacing PV wires with
pre-fabricated PV ribbons (also referred to as tapes) as reported in some ofhe literature
(Krebs and Hdésel, 2015; Min Ju Yunet al, 2015; C. Liet al, 2016; Kuhlmann et al, 2018)
These ribbons were either complete PV devices or constituted of some of the active PV
layers. PV ribbons have a larger active area, and they can cover a significantly larger
proportion of the available planar surface compared to PV wire s. However, PV ribbons
can significantly alter the conformability and appearance of the final fabric depending
on of the stiffness of a singleribbon and a number of ribbons per unit length within the
fabric. Yun et al, fabricated awoven PV device by inserting a DSSC type PVribbon (M J
Yun et al, 2015)using a conventional weaving machinery. The active substrate of the PV
ribbon was made on a perforated stainlesssteel tape coated with TiO 2 nano material,
which was subsequently adsorbed with sensitizer dye. This ribbon device exhibited a
PCE of 2.63 %Krebs and Hosel (2015)employed pre -fabricated OPV tapes(~2 cm wide)
to weave a large area (25 x 25 cA) woven solar cell textile (Fig 2.23(a)). The solartapes
woven into the structure consist ed of 16 serially connected organic solar cells with a PCE

of 1%.

Figure 2.23¢ Images of photovoltaic woven structsipgepared using (a) organic photovolte
ribbons(Krebs and Hoésel, 2015) and b) perovskite photovoltaic and supercapacitor
composite tapes (C. Liet al, 2018§.
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A ribbon shaped hybrid device which can synchronously harvest and store solar energy
(Fig. 2.23(b)) was reported by C. Li et al.(2016) This could be inserted into a woven
structure to demonstrate a wearable energy device. Theribbon was prepared by stacking
a perovskite flexible PV film onto a thin film electrochemical superca pacitor device. The
top electrode of the supercapacitor also acted as the counter electrode of the PV device.
The perovskite PV device generated an impressive 10.41 % PCE when ta hybrid device
was illuminated under one sun intensity. The supercapacitor he Id an energy density of
4.14 Jcn? and a power density of 243 mWcm-3. The demonstrated woven device did not

resemble a textile material due to larger widths (>1cm) of tapes usedin the work.

A textile based solar energy harvesting and storage system was ceated by weaving pre-
fabricated 44 mm-wide CIGS thin-film PV cells and attaching commercially available

flexible batteries (solid-state lithium batteries having a thickness of 0.4 mm, with a
capacity of 235 mAh at a voltage of 3.75 V)(Kuhimann et al, 2018) This system could
generate a high PCE, however this design was similar to the first-generation solar fabric
concepts where solar cells were directly attached to the fabric and cannot be considere
suitable for a wearable application due to the lack of flexibility and norma Icy. Krebs and
Hosel have argued that woven PV tapes are one of the most technically feasible and
commercially viable stratergies for incorporating PV functionality onto textiles (Krebs
and Hdsel, 2015) however it is doubtful whether su ch devices are suitable for the use in

future wearable devices intended for day -to-day use, mainly due their lack of normalcy.

Fabrics woven with PV coated wires or flexible PV tapesshowed improvements in their
shear behaviour and breathability, however, they still looked and felt significantly
different to normal textile fabrics. In addition, the electrical interconnections achieved
by the interlacing points may not by reliable during the deformations undergone by the
resultant garments, and these interamnnections could deteriorate during washing and

wearing.
2.4.1.5 Non-woven PV structures

Non-woven textile structures such as electro spun nano-fibre webs or fibore membranes
(electro spun or wet-laid) were also investigated as asubstrate for textile PV devices by
few research groups (Sundarrajan et al, 2010; Suret al, 2015; Juhaszuhger et al, 2018)

Sundarrajan et al. (2010) managed to realise an electrospun polymeric PV web by ce
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electrospinning a two component polymer mixture to form a co -sheath structure, where
P3HT/PCBM was the core and polyvinyl pyrrolidone (PVP) was the shell. This technique
was emplyed du e to the difficulty of electrospining of pure conjugate polymers. The shell

material was subsequently dissolved to realize the P3HT/PCBM, which was used as the
active layer of a PV web, sandwiched between transparentconductive electrode films: A

notable PCE was not reported for the device. An efficient dye -sensitized solar cell based
on a PET membrane (as the medium for liquid electrolyte) was developed by Sun et al,
(2015)which reported a PCE of 10.2 %. The PET mmbrane was prepared by wet laying

PET slort staple fibres and binding them using a water based binder. The photoanode

and counterelectrodes used were monolithic and non-conformable, hence the device was
not desiarable for a wearable application. A DSSC PV device with textile -based counter
electrodes coated by a conducting polymer and working electrodes built on TiO 2 coated
Fluorinated tin oxide (FTO) glass dyed with a natural dye were investigated by Junger et
al. (2018) which showed conformable properties, however the PCE achieved was not

noteworthy.
2.4.1.6 Mechanically linked rigid or flexible solar cell arrays

As an effort to make inorganic semiconductor PV materials more attractive for flexible
applications, rigid inorganic cells can be mechanically and electrically linked together
with flexible mate rials to create quaskflexible structures. A number of such
embodiments in the form of solar jackets or suites (Haugen 1989; Anon 1996; Jaynes 2007;
Orandi 2009;), windable, rollable or retractable solar modules (Hanak et al, 1987; Ma,
2011; Oppizzi, 2014) awning solar modules (Heidenreich 2007; Lambey 2008; Nocito et
al. 2012) and flexible interconnected solar cell networks based on fabrics(Escoffery 1966;
Luch 2009; Forster & Zimmermann 2011; Daniel 2011; Lerner et al. 2015; Cheet al. 2015;
Nance et al. 2016)have been proposed in several patents. The products and processes
disclosed in these patents appear to be of limited use for practical wearable systems, due
to inadequate level of flexibility, lack of shear behaviour, and unsuitability for washing.

In addition, the appearance rendered by these fabrics attached devices were not

desirable for the use on regular clothing.

Sandia National Laboratories have been working with micro -scale inorganic
photovoltaic cells for concentrator photovoltaic (CPV) applications, wh ich were also

explored for flexible solar arrays (Cruz-Campa et al, 2011) This micro-enabled
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photovoltaic (MEPV) technology has been demonstrated in flexible mouldable
concentrator PV (CPV) arrays where the cells are distributed on a concentrator lenses
array (Gu et al, 2015) as well as flexible arrays of closdy packed cell arrays (Sandia
National Laboratories, 2017) mounted on a flexible substrate (Fig. 2.24(a)). The bespoke
microscale PV cells have hexagonal shape with back contacts and typically have a
thickness of 14 um and a width from 250 ¢+ 500 um (Fig. 2.24(b)). To minimize the edge
recombination losses, the cell boundaries were heavily doped. With the optimized cell
design they managed to achieve a PCE of 14.9 %. One advantage of using such micro
scale PV devices for CPV applications is the abilty to dissipate heat efficiently which
improves the PCE. This work using miniaturize hexagonal solar cells provides evidence
of the potential of employing miniaturized PV cells for applications requiring flexibility.
Nevertheless, the use of similar miniature solar cells networked and deployed in an
aesthetically pleasing and mechanically durable way for wearable applications

discussed in this thesis is not reported to date.

Figure 2.24¢ (a) An image of the prototypaicro-solar panel developed using miensabled
photovoltaic technology (MEP\(5andia National Laboratories, 2017) (b) Microscopic
image of micretructured PV cells developed by Sandia Laborat¢@iasz-Campa et al,
2011)

It is evident that there is a gap in the knowledge in creating a truly wearable and
washable solar energy harvesting system. Hence, a need exists to explore novel
approaches in delivering a system that addresses the abovementioned challenges in-
order to deliver a viable wearable photovoltaic energy harvesting system for powering

mobile electronics, wearable devices, or electronic textiles.
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2.5 Strategies for integrating electronic device within textile fabrics in the form of

yarns, threads or tapes

A novel approach to create fabrics which can harvest solar energy worth exploring is to
incorporate plurality of prefabricated discrete miniature solar cells at a yarn level. The
appearance, conformability and mechanical robustness of such fabrics will depend on
the method of integration and size of the solar cells. Also, the integration method shall
not substantially impede the energy harvesting capability. There have been a number
of strategies reported in prior art that aimed to integrate electronic components into
yarns or tapes, to be converted to fabrics.(Leonard 2004; Dias & Fernando 2006, Hill et
al. 2009;Brun et al, 2009; Brun et al. 2011; Speich 2011; Brun, Leonard 2013, Vicard, et
al. 2014; Brun, Lancon, et al. 2014; Newby & Pedley 2017;)In 2005 Dias and Fernando
in their patent disclosed an electronic yarn where an operative device was confined
within the fibres of a yarn and the device was then protected using a polymer micro -
pod. Staufert (2008) proposed a filamentous structure intregrated with electronic
components that has textile characteristics. This structure has an electronic filament that
consists of conductive wires and small electronic components, along with an additional
element for mechanically stabilizing the structure. A textile sheath was wound around
the electronic filament, however, a protection mechanism suggested by Dias and
Fernanodo for the integrated devices from external mechancal stresses and chemical
agents were not provided . Both these inventions provided a solution to prot ed the yarn
integrated device, however the method of creating electrical connections to the device
was not disclosed in detail. The device embedded yarn was intended to be converted to
a knitted or a woven fabric. Leonard (2004, 2013) proposed a textilethread or fiber that
had electronic elements embedded or encapsulated to create a fabric. The textile thread
or fiber comprised of elements interconnected to form a signal processing system. The
structure and the details of the architecture of the textile thread or how the individual
elements would be electrically and mechanically interconnected within the thread to
deliver a mechanically robust system was not presented. A transponder thread that can
be integrated with a transponder chip along with an ante nna inside of a yarn was
proposed by Speich (2011) but also lacked detailed insight into the construction of the
thread. Hill et al.2009 disclosed an approach where electronic chips were integrated onto

electrically insulated weavable flexible tapes with conductive tr acks on them. A woven
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structure made using these tapes was also proposed. Zysset et al, (2010) also
demonstrated a similar tape-like devi ce integrated within woven structures, where the
device was used as weft yarn. A tape could comprise multiple of electronic devices
attached along the longitudinal axis (i.e. the length of the tape) which may or may not
be electrically interconnected. Theprimary means of electrical interconnections between
devices were the conductive threads used for the warp yarns. These tapes were also a
potential platform for integrating miniature solar cells however, the appearance and
softness of resultant fabric may not have been best suited for the intended application.
Brun et al. (2009, 2011) descided the assembly of a microelectronic chip onto a pair of
conductvewB Ul UwUOUDOT wEwWOT UT OEwUT I 1 UUI EwOOWEUws #DPEEOOOD:
groves on the sides clse to its contact pads to accomodate the conductive wires. The
electrical connection could be secured either after positioning the wire inside of the grove
using soldering or by mechanically crimping the grove. Brun, Lancon, et al. (2014)
extended this concept to prepare a sheathed yarn, with the wire attached chip inserted
at the core of the yarn, however a means of providing a protective encapsulation to the
chip was not elaborated. A printed yarn system that has a core-sheath structure was
presented by Newby & Pedley (2017). Here, an electronic circuitry-incorporated linear
substrate was used as the core and the sheath comprised fibres. The core was prepared
by printing the electronic circuitry on a tape and attaching electronic component ont o
the circuitry before concealing (encapsulating) it within a covering material which is
typically a polymer resin. While this invention has some structural features similar to
the filament device presented by Dias & Fernando (such as the use of a resin to
encapsulate the electronic components and use of fibres to surround the core), the
printed linear circuitry within the core of the yarn which has the form of a thick tape,
may significantly stiffen the final yarn. Rein et al.(Rein et d., 2018)realized a diode fibre
by drawing a multilayered preform comprising of two tungston wires, multiple diode
chips, and additional polymeric layers which were consolidated in a heated hydraulic
press. The electrical interconnections between the diales and the tungston wires were
physically pressed contacts (insteade of soldering or using crimped fixtures, the contact
is maintained by sandwiching the wires and diodes between the polymeric layers during
the pressing process), therefore the long term gability o f the interconnects between the

devices and wires need to be investigated.
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The robustness of the electrical conductive pathways and interconnects is a criticd factor
in determining the practicality and utility of a E -textile system for day-to-day
applications in addition to the all -important flexibili ty and ability to conform to 3D
contours. The electrical properties (electrical resistance, frequency response, crosstalk)
required are often dictated by the application and the mechanical propertie s (tensile
strength, fatige resistance, abrasion resistance, elastic modulus) are equally important
for most applications (Agcayazi et al, 2018) For example for signal transmission (e.g.
bio-potential measurements) applications low conductivity is acceptabile however for
power transmission (e.g. heating and lighting ) higher conductivity levles are needed. In
literature, various materials and methods have been proposed and studies on the
conductive pathways and interconnection methods have often been discussed as a key

theme.

Conductive pathways used for E -textiles typically have the form of fibres, yarns, wires
or printed lines made of various substrates such as inherently conducting polymers
@& UE O e &,D201id) metals (Tseghai et al, 2020) polymer-metal composites
(Chatterjee, Tabor and Ghosh,2019) conducting polymer composites and metal coated
polymers (Ali et al, 2019) Copper is often the preferred choice interms of conductiveity
and cost effectiveness. However the use of metals as part of textiles is limited by their
relatively high stiffness and low extension to fail ure compared to fiber-forming
polymers. To minimize the stiffness, metal coated or metal composite polymeric fibres
are also considered, however there is a compromise of conductivity. Conducting
polymers and composites are advantageous due to their tunableelectrical conductivity ,
ease of processingand cost-effectiveness. However, they have poor temperature and
environmental (moisture and oxygen) stability and are significantly lower in

conductivity compared to me tals (Schwarz and Van Langenhove, 2013)

Interconnects are often one of the key factors determining the parcticality of a E-textiles
systems. Interconnections can take the form of soldered or welded joints (Dias and
Ratnayake, 2015; Koshi, Nomura and Yoshida, 2@0; Micus, Haupt and Gresser, 2020)
mechanical crimp or grip connectors and conductive adhesives. E-textile systems may
comprise miniature semiconductor devices typically made of silicon which are stiff and
brittle. When joining the semiconductor devices to a relatively flexible conductive

pathways, the mechanical properties beside the interconnection point remain
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significantly different, exposing the interconnection point to high mechanical stress.
While having good electrical coductance the material employed for the interconnection
point need to have the correct balance of adherence to both the conductive pathway as
well as the terminals of the semiconductor device, to acheive robust mechanical joint.
Therefore selection of the right material and technique for the interconnection point is
critical for the mechanical and electrical robustness of the etextile system. The below

table comparesdifferent interconnection methods as summarized by Agcayazi et al.

Table. 2.3 ¢ Comparison of different interconnexti methods employed for-tExtiles
(Agcayaziet al, 2018)

Interconnection Structure Advantages Drawbacks
method
Welding Melting both metals to |- High conductivity Materials need to
make - Strong physical|withstand high
a physical connection connection temperatures
- Connection is not
flexible
Soldering Introducing a low |- High conductivity Materials need to
temperature melt|- Strong physical| withstand high
material in between to| connection temperatures
adhere the two surfaces- Low melt solders Connection is not
for an electrical| are available flexible
connection
Relaxed flexible} Looping conductive |Simplisity and |Connection quality varies
grip fiber through a metallic |flexibility with motion, heat,
object moisture
- Wrapping metallic
wires through zigzag
sewing
Crimping Crimping the textile |Robust physical and|Stiffness
using a metallic object |electrical connection
Conductive Curable resin doped with|Good  conductivity |deterioration  due  to
adhesives conductive particles and flexibility humidity,temperature
variations

An electronically functional yarn (Dias and Rathnayake, 2016)which has similarities to
electronic yarn introduced in 2005 by Dias & Fernando, details a structure that integrate
electronic components within the core of textile yarns. These yarns were fabricated by
connecting electronic devices onto fine copper wires before encapsulating them inside
of polymeric resin micro -pods that hermetically seal the connected devices with the
wires extendin g along the axis of the yarn; a textile fibre sheath surrounding the wires

and the micro-pods gives textile features to the completed yarn. The use of copper wires
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enableintegration of devices requiring power transmission, while interconnection using
soldering createsan electrically and mechanically robust connection between the wire
and the device. The resin micro-pod covers the solder-joint and creates an area with
graduated stiffness between the copper wire and the solder joint, which reduces the
accumulation of bending fatigue near the solder joint thereby improving mechanical
robustness. These electronic yarns (Eyarns) can be readily integrated into a textile
structure either by weaving (interlacing textile yarns) or knitting (inter -looping textile
yarns), that is mechanically robust and wash durable. The viability of the E-yarn
technology to integrate electronic devices within textiles was proven for sensing devices
such as thermistors (Hughes-Riley et al, 2017; Lugodaet al, 2018) acoustic sensors
(Hughes-Riley and Dias, 2018)in addition to lighting devices such as LEDs(Hardy et al,
2018)

Whilst some of these methods detailedin the literature could be potential candidates for
integrating PV devices within a textile structure in the form of a yarn, the selection
criterion should focus on not only the wearability and durability aspects, but also the

power conversion efficiency, which is governed by the intensity of light received by the

photoactive surface of the solar cell.
2.6 . Discussion

In this chapter the state-of-the-art of textile embedded energy harvesting technologies
presented in literature was studied with an in-depth review on various methods
disclosing textile integrated and textile based solar energy harvesting devices, mainly
from a wearability perspective. While the energy harvesting capability remains
important, wearability is decisive for wider adoption of these technologies in regular
clothing. In general, the chemistry and micro/nano structure of the materials are crucial
for optimizing the photovoltaic performance. In most of the literature, flexibility is
considered the prime requirement for wearability, however in reality it is often a
combination of many facets such as softness, threedimensional conformability, normal
appearance, air/moisture permeability and wash durability. There exists a gap in
knowledge on how these features can be achieved, while maintaining satisfactory levels
of power conversion efficiency. Retaining the hierarchical structure present in

conventional textile fabrics (i.e. fabric made of yarns that are prepared using plurality of
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fibres) is of paramount impor tance in achieving these desrable features. This research
aims to realise a solar energy harvesting fabric that preserves the hierarchical structure
by combining textile yarns created by embedding discrete miniature photovoltaic cells
within a fibrous str ucture. Amongst several methods that reported yarns/tapes
integrated with electronic devices E-yarn technology pioneered by Dias and co-workers
is considered a viable candidate to achieve this. However, the nature and effects of the
interferences of sunlight with fibrous str ucture and encapsulation in the E-yarn structure

has not been previously investigated, which is a gap in in knowledge.
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3.1 Introduction

This chapter details the methods and procedures followed, and materials used, during
the research to fabricate and characterize solar energy harvesting electronic yarns (solar
E-yarns). The methods include step-by-step details of the production process and the
equipment and materials used for soldering photocells T 1 Ul wUT 1T wUI &esws x1 O
to both solar cells and photodiodes used in the research), encapsulating them inside of
resin micro-pods, and covering them within textile fibres to realize the fi nal solar-E-
yarns. The chapter also cover the procedures ad instruments employed to si mulate test
conditions and conduct electrical measurements of the photoactive devices during their
production process and after converting into fabrics. Some of the contents in this chapter
has been included in a journal article by the author (Satharasinghe, HughesRiley and
Dias, 2018) The methods and materials detailed in this chapter apply to the experiments
mentioned throughout this thesis; spe cific or unique experiments will be detailed in their
relevant chapters. Procedures for the fit-for-purpose testing and preparation of E-yarn

embedded fabrics will be detailed in Chapter 6 and Chapter 7 respectively.

The E-yarn technology has previously been explored for embedding radio -frequency
identification (RFID) devices (Rathnayake, 2015) light emitting diodes (LEDs) (Hardy et
al., 2018)and various types of sensors(Hughes-Riley et al, 2017)within the core of textile
yarns hasbeen reported previously. This work pres ents a fundamental shift in h ow this
technology is employed where photoactive devices that respond to light are embedded.
The intensity and spectral distributio n of light transmitted into the photocell used to
embedded in the core of the Eyarn determined photovoltaic output of the ya rn. The
components in the E-yarn would significantly interfere with the incident light.
Therefore, these interferences need to be arefully characterized and understood, to

design a solar-E-yarn that generates an optimized and reliable photovoltaic output.

A typical E-yarn production process use standard surface mount device (SMD) type
components with the solder pads on the same faceof the component that can be soldered
onto copper wires; the photodiodes used at the early stages of this research consistedof
two solder pads. The miniature photovoltaic cells that were commercially available for

use in this work brought new process challenges compared to other Eyarn developed
with SMDs. In fact, the solar cells required two paral lel copper wires to be soldered onto

solder pads which were on front and back sides of the cell. Therefore, several

69



Chapter 3 Materials and Methods

modifications to the original E -yarn architecture and fabrication process were
introduced that are explained in this chapter. In aid of this , prior to initiating the sam ple
preparation using solar cells, the reflow soldering process used in previous E-yarn works
was revisited. The aim of this was to gain a better understanding into how the soldering

stage of the Eyarn production process could be modified to achieve reliable solder joints
with minimum effect on the functionality of the solar cells. Further, a bespoke apparatus

was designed and built to achieve precise positioning of the soldered device inside of
the resin micro-pod. This not only allowed for consistent solar-E-yarns to be produced
but also allowed for the effects of the positioning of the photocell inside the micro -pod
to be studied. An additional process of impregnating the solar -E-yarn surface was

introduced to enhance the intensity of light received by the photoactive device.

For characterization, an optical test rig was built at the initial stages of the research
project to characterize the opto-electronic performance of E-yarns embedded with
photoactive devices in comparison to performance of the maiden device (i.e.
photodiodes and solar cells before embedding within the yarns). Upon completing the
proof-of-concept studies, a standardized solar simulator was employed as the light
source for the characterization. The solar smulator provided a light sour ce which
allowed the devices to be compared against an absolute measurement scale and prior
art. Mechanisms to conduct measurements under varying incident light angles were also

devised was use with the optical test rig and the solar simulator.

3.2 E-yarn fabrication process

The basic steps of fabricating photocell embedded yarns are shown inFig. 3.1 Here the
term photocell is used to represent both photodiodes and solar cells. Unless specifically
mentioned, the yarn fabrication steps described are applicabke for both the photocell

types.

The first step of the process was to solder the photocells onto fine copper wires. The
soldered device and the solder joints were then encapsulated within a protective resin

micro-pod. The micro-pod with soldered photocell a long with the copper wires were

then sheathed with textile fibres to give the E-yarn a textile-feel and appearance.
Optionally, the fibres in the photoactive side of the E -yarn was impregnated with a

polymeric resin.
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Creating arrays of

miniature Photocells
with fine Cu wires

Primary photocells
encapsulation

Sheating with packing
fibers and knitted tube

Impregnation with
transparent resin

Figure 3.1- Fabrication process of photocell embedded. yayrMicroscopic images c
photodiode yarn fabrication at different stagé$ Microscopic images of solar celtnga
aftereach step in thiabrication proces$Scalebar indicate 1mm

3.2.1 Photodiodes and solar cells

In the initial phase of the research, a proof-of-concept for the photocell embedded yarn
was developed. In addition, an in -depth investigation into the effects of different
components of the yarn on the opto-electronic behavior of the photocell was conducted.
Photodiodes were employed as a cost effective and readily available alternative for solar
cells to conduct initial testing and demonstrate a proof -of-concept photocell embedded

yarn.

Two types of commercial surface mounted device (SMD) miniature silicon P-I-N type
photodiodes (PDs) were selected for the initial study and are shown in Fig. 3.2
(TEMD7000x1 and VEMDG6060x1 from Vishay Intertechnology Inc., Malvern, PA, USA,
the basic specifications are given in Table 3.1 and comple¢ datasheets provided in
Annex 2). These photodiodes were responsive to visible and near infra-red regions of

the electromagnetic spectrum, which was similar to the spectral distribution of the

sunlight.
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c Epoxy

Photoactive chip / encapsulation

Base

Cu solder pad

Figure 3.2¢ Two photodiode (PD) types used for the first phase of the research. Imagt
TEMD 7000x01 and (b) VEMD 6060x01. (c) Fromiew schematic of the PDs. Images aot
to scale (Courtesly Vishay Intertechnology)

The availability of commercially available very small-scale solar cells is limted. Several

high efficiency multi -junction solar cell manufacturers were contacted for sourcing

miniature solar cells. There existed a challenge in sourcing small batches of cells due to

high minimum order quantities defined by the companies. As an alternative, miniature

silicon solar cells, cut to required shape and dimensions from astandard crystalline solar

cell were eventually sourced from Solar Capture Technologies (Photovoltaic Technology

Centre, Blyth, United K ingdom) . The specifications of the aiginal large area cells of this

type indicated a power conversion efficiency (PCE) level of approximately 18 %. (see the

basic specifications in Table 3.1 and test report provided by the supplier in the Annex 3).

Table 3.1- Specifications dhedifferent photodiode and solar cell types whathg this

study.
Dimensions | Photoactive | Performance
_ (mm) Area (mm?)
Device Type
PIN Si Photodiode SMD ¢ | 2 x 1.25 x .85| 0.23 Voc=350mA, ls=3uA
Visible and near infrared Under E. = 1 mW/em®
TEMD7000X01 - Vishay® erte= cm
=950 nm
Intertechnology
PIN Si Photodiode SMD ¢ 2x4x1.05 | 0.85 Voc=360mMA, l=5pA
Visible and near infrared Under Es= 1 mW/emzO
VEMD6060X0%  Vishay® ndere= 1 miviem= 4
=950 nm
Intertechnology
crystalline-Si (laser grooved | 1.6 x 1.6 2 PCE ~ 18% under AM
buried contact) 16x3 2 1.5-1 sun for the large
size cell from which the
3.2x3 8 miniature cells are cut.
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These solar cells were of the laser grooved buried contact (LGBC) typewhere the front
side of the cells surface contained an array of parallel Cu bus bars woking as the
negative electrode (cathode) as shown in Fig. 3.3(a). Each bus bar is connected to the
solder pads positioned at one side of the front face of the cell. Thepositive electrode

(anode) was spread throughout the backside of the solar cell (Fig. 33(b)).

Figure 3.3t Optical microscopy imagestak (a) front and (b) back sides of (i) x&.5mm,
(i) 3.2 x3mm and, (iii) 1.5x 3 mm solar cells employed in this research. The useable a
areaof the cells indicated bythered rectangles.

The first batch of solar cels sourced had dimensions of 1.5 mm x 1.5 mm and 3.2 x 3 mm
(Fig. 3.3(a, b)). These dimensions were selected to ensure that the cells width wa
sufficiently small to be accommodated within the cylinders of the knit braiding machines
available the Advanced Textiles Research Group (ATRG) to cover the resin micro-pod.
Eventually, the trade-off between the cell area and the fineness of resultant yarn is
largely dependent on the end-use. Prior to conducting experiments 30 samples from each
cell type were observed under the digital microscope (VHX -5000Keyance (UK) Limited,
Milton Keynes, United Kingdom) to evaluate variations in their size and photoactive
area. Cells with a 1.5 mm width and a 3 mm length were subsequent sourced after the
initial studies to increase the total active area of solar cell embedded yarns febricated for
preparing woven fabric demonstrators. This also reduced the number of cells needed to

generate required amount of power; this would reduce the nu mber of potential points
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of failure. Table 3.2 details the variations in active cell area of thethree types of cells.

The measured values of the full data set are given in Appendix 2.

Table 3.2¢ Measuredvariation in the active area of threelar cell sizes used in the resear
Batches of 30 cells were selected from each cell size foratinsés

Useable active area (mn%)
Cell Type 15 mm x 15|15 mm x 3|3 mm x 3.2
mm mm mm
Average 1.756 3.486 7.652
Standard
deviation (SD) 0.1066 0.315 0.364
Coefficient of
variation (CV) 6.04% 9.03% 4.75%

The results show that the maximum variation in cell size for the tested cells were
observed for 1.5 mm x 3 mm cell type. The variation was less than 10%, which was
considered acceptable for further experimentation. No clear relationship between the

cell size and the level of size variation was identifiable based on the measured results.

3.2.2 Soldering surface mount devices (SMD) onto fine copper wires

Soldering electronic components onto printed circuit boards (PCBs) using a reflow oven
is an edablished soldering technique in the electronics industry and can be employed to
solder circuit boards comprising of many components (Willis, 2003). During a typical
reflow soldering proc ess the PCB, solder paste, andsolder pads are heated in a
controlled manner according to a reflow soldering profile, which has an initial heat
ramping phase, preheating phase, ramp to peak phase, rélow phase and a cooling phase
as shown in Fig 3.4(a).For situations where individual components need to be soldered
or repaired discretely without heating the complete PCB , reflow ovens cannot be used.
In such situations IR spot reflow soldering is widel y used (Anguiano et al, 2005) Here a
beam of IR radiation is directly focu sed onto the component and only the required
component and the PCB footprint around the component is heated according to a reflow
profile similar to that of the reflow oven. The E-yarn technology employs this technique
for soldering miniat ure SMDs onto fine copper wires (Rathnayake, 2015)and this
technique is also used in this work. Previously , Rathnayake (2015)investigated the use

of IR spot reflow soldering to solder SMD type LEDs and resistors (0402 and 0201 sizes)
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onto fine eight strand copper wires (single strand diameter 55um). The device was
placed with the solder p ads facing upwards onto a metal plate covered with black
adhesive tape (soldering base), with the Cu wire positioned on top of the two solder
pads of the device. A predetermined volume of solder paste was dispensed onto the
solder pad areas and exposed tothe IR beam using an IR spot reflow soldering station.
The IR beam is circular in shape, of which the aperture size and vertical position can be
adjusted to achieve a focused IR spot with required diameter. It was identified that a
conventional reflow sold ering profile was not suitable for this scenario due to the direct
application of heat; in conventional printed circuit manufacture the heat is transferred
to the solder pads by the circuit board. Several modifications to the reflow profile was
trialled and a profile with only two phases (with steep temperature ramping and

cooling) was found to be successful (Fig 3.4(b))

Figure 3.4- Screen shots of (a) a tydisaldering profile used reflow soldering surface
mount device§SMDs) onto printed circuit boards (BBs). p) The modified profile for
soldering SMD components on to fine copper wi{Rathnayake, 2015)
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However, insights on the critical parameters affecting this unique soldering process was
not presented in this study. It was identifie d that to adapt this reflow soldering process
for more complex device configurations, similar to the photovoltaic cells us ed in this
study, a better understanding of these critical parameters needs to be gained. Therefore,
preliminary tests were conducted on the effects of IR beam parameters (beam diameter,
level of beam focus) and the materials used in the process (SMD devie, copper wires,
copper wires and solder paste). Although a complete comprehension of the effects of the
process and material parametas was not within the scope of this work, the general
understanding gained from these tests were instrumental in achieving optimized
soldering parameters for soldering various types of miniature electronic components
developed using the E-yarn technology. A good quality solder joint ¢ an be confirmed by
a smooth, clean and shiny solder joint and this was verified by optical mi croscopic
images. Temperature variation within the IR heated spot for different spot sizes were
observed. The IR beam was directed toa ceramic tile coated with black matt ceramic
paint. A k-type thermocouple (Z2-K-1.0-1/0.22MP-ANSI, Labfacility Ltd, West Sussex,
United Kingdom) connected to atemperature logger (RDXL65D Six Channel Handheld
Temperature Data Logger, Omega Engineering Limited, Manchester, United Kingdom ).

350

300
250 L
200
150
100

Temperature (°C)

50

0 I I I I
0 1 2 3 4

Distance from centre of the beam (mm)

——3.22 mm 4.71 mm 571 mm 7.03 mm

8.66 mm 10.02 mm =—4&—11.05 mm

Table 3.5¢ Measuredemperature for different infrared beam diameters at different diste
from the centref the beam. The measurement wasleoted on a matt black ceramic ti
surface after onminute heating at 100% infrared beam power.

The IR spot size was changed byadjusting the aperture size of the IR lamp. The tip of

the thermocouple was positioned on ceramic tile at the required distance from the centre
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of the spot. The tests revealed that thereis a temperature gradient from centre to the
perimeter of the IR heated spot, and that the temperature of the heated spot increases

with the diameter of the IR beam (Fig. 3.5).

In addition, it was noted that the maximum rate of heating was achieved w hen the IR
beam was in focus with the heated surfaces (i.e. the solder pads and solder paste) which
was expected. The rate of heating was also dependent on several other parameters such
as the solder pad area of the SMD, total crosssectional area of the @pper wires used,
colour and surface roughness (which relates to the thermal absorption coefficient of the
material) of the SMD and the soldering base (i.e. the SMD and the platform). It was
desirable to have a soldering base with low thermal conductivity and high thermal
absorptivity to maintain a high -temperature surrounding in the soldering region. Based
on these preliminary tests a soldering base made of black pigmented silicone rubber was
selected and the reflow soldering profile was fine -tuned based on the size of the SMD
and total copper wire thickness. Silicone has a lower thermal conductivity compared to
metals and ceramics(Clemens, 2001) By black pigmentation the thermal absorptivity of
silicone can be improved (Tesfamichael et al, 2001) A solder joint with a smooth and
shiny surface was considered a good quality solder joint. Complete soldering occurs
when all the metal particles in the solder-paste melt and form a non-porous
homogeneous solid, resulting a smooth surface that reflect light evenly. To assess the

quality of the solder joint optical microscopy was employed.

In summary, it was important to position the device at the centre of the IR spot, with the
spot focused at the solder pads to achieve the most efficient soldering process. Larger
solder spots resulted in steeper heat ramping. A material with a darker and rougher
surface (higher thermal absorption) and low thermal conductivity facilitated the efficien t
heating of the solder paste. The rate of heating was slower when the total thickness of
the Cu wires used was higher (this resulted in higher rates of heat loss from the solder

joint via Cu wires).

3.2.3 Making electrical interconnects between the solder-pads and Cu wires for
photodiodes

A photodiode (PD) was placed on a flexible base made of black pigmented silicone
(Transil 40-1 silicone and 10% black silicone pigment, Mouldlife, Suffolk, United

Kingdom) with the two solder pads facing upward towards the IR source (direct
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heating) (Fig. 3.6(a)).As previously mentioned, black pigmented silicone facilitated an
efficient soldering process, by retaining the thermal energy transmitted by the IR beam

around the device.

a d IR Beam
Solder pads

Silicone base

b e Solder joints

Cu wire

c

Solder paste Dispensing Tip

Figure 3.6% Soldering process f&MD photodiodes (PDs). (a) PD placed on the silicone |
with solder pad$acingupwards (b) Qu wire placed over the solder padthefPD. (c) Solder
paste dispensed onto teader pads and Cu wirat points of contact(d) Solder pads anc
solder pa® exposed to IR beafe) Solder joints formedf) Cu wire length between solde
joints removed.

A multi -strand Cu wire with seven twisted Cu monofilaments (seven strand, linear
density = 120 mg/m, single strand diameter = 50 um, Knight Wire, Potters Bar, UK) was
placed on top of the two solder pads (Fig. 3.6(b)).Approximately 3.0 pl of lead free solder
paste (SolderPlus® S965D500A4, Nordson EFD, Dunstable, UK) was dispensed onto the
Cu wire at the solder pad (Fig. 3.6(c)) using a pneumatic dispensing system (EFD
Ultimus 1l dispenser system, Nordson EFD, Dunstable, United Kingdom), and reflow
soldered using IR spot reflow soldering system (PDR IR-E3 Rework System PDR-

Design & Manufacturing Centre, Crawley, UK). The reflow system settings (reflow
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profile, beam diameter) were adjusted to optimise the soldering to achieve robust
electrical and mechanical connection between solderpads and copper wires (Fig. 3.6(d,
e)). Finally, the Cu wire length between the solder joints w asremoved by cutting the Cu
wire at the inner edges of the solder pads (Fig. 3.6(f)) using a scalpel (0.5 mm blade

thickness).

3.2.4 Making electrical connections between the solder-pads and Cu wires for solar

cells

Unlike the PDs, the solar cellshad the solder pads on either side of the cells. Therefore,
the E-yarn soldering process had to be modified to enable the reflow soldering on both

sides of the cell onto two parallel p ositioned Cu wires simultaneously . The soldered pad
on the front of the cell consisted of array of Cu buried contacts. These were positioned
on the photoactive (face) side of the cell close to one edge of the cell. The entire backside

of the cell is solderable (see Fig. 3.7).

Areas that
can be
soldered

Figure 3.7 - Areas that can be soldered on the fgaft) and bacKright ) cantacts of a
sdar cell (3.2 mnmx 3.0 mm).

Figure 38¢ Black pigmented silicone used as the soldering plafforsolar cells(a)
Photograptof the mould.lf) Magnified view othe soldering process.
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A bespoke mould was fabricated (Fig. 3.8) using the same silicone material used for the
PD soldering base. The mould was designed to position two parallel aligned Cu wires
onto the front and back solder pads, located on either side of the SC. All the other

materials and parameters were the same as for the PD soldering.

Figure 39 - Solcering process for solar cells (SGa).The bespoke mould desidn).The Cu
wire positioned on the mouldc)(Solder paste was dispensed onto the first Cu wdjeT e
SC waspositioned on the mould with the front contact touching the first Cu waeTlie
second Cu wire was positioned e mould and back side of the SKL.Splder paste wa:
dispensed onto the second Cu wire and IR beam was applied.
The steps for soldering a solar cell onto a pair of Cu wires is illustrated in Fig. 39.
Initially, one Cu wire was placed in one of the two wire positioning g roves (Fig. 3.9(b).
Solder paste wasthen dispensed onto the wire, where the front solder pad w ould be
soldered onto the Cu wire (Fig. 3.9(c)). The solar cell was positioned into the groove,
with the front solder pad in contact with the solder paste/Cu wire (Fig. 3.9(d)). The
second Cu wire was positioned onto the back contact of the solar cell (Fig. 3.9(e) and a
solder paste volume was dispensedwhere the back contactand Cu wire made contact.
Once the positioning was complete, IR reflow soldering was conducted (Fig. 3.9(f)). The
solar cell was positioned in this orientation (back contact directly f acing the IR beam) to
minimize the detrim ental effects of direct heat exposure on the photoactive area.The
solder base facilitated indirect heat transfer to the front contact, allowing simultaneous

soldering of both front and back contacts of the solar cell. For connecting multiple cells

onto the same pair of Cu wires, with predetermined gaps between cells, a mould with
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multiple groves with required cell spacin g was prepared (further details on soldering

multiple solar cells are provided in Chapter 7.)

Observations under the microscope showed that a dark colour patch appeared on the
photoactive side of the solar cell near the solder joint during the solderin g process. This
dark patch could be attributed to the charred residues of the solder-paste remaining on
the front surface of the solar cell. Therefore, a test was conducted to determine any
adverse effects of the IR reflow soldering process on the performance of the solar cells.
Five 3.2 mm x 3.0 mm solar cells (which were otherwise identical to the sdar cells used
throughout the rest of this work), were soldered onto fine copper wires using the IR

reflow soldering unit at 250°C. The soldered cells were subsequently exposed to five
heating cycles of 230°C (with same cycle time as the soldering). The masurements of
the control samples were conducted (Fig. 3.10(h) using a conductive copper adhesive
tape (1181 TapeCopper Foil with Conductive Adhesive, 3M Un ited Kingdom PLC , UK).
The results showed (Fig.3.10(a) that the cells underwent a 5% change in shortcircuit

current (Isc) even afterexcessive heating ofupto 5 times longer than the normal soldering

process. No significant change in open-circuit voltage (Voc) was observed at the end of
the test. Microscopic images show clearevidence of residue after the soldering, which

did not change significantly afterwards.
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Before  After After heat After heat After heat After heat After heat
soldering soldering cyclel cyde2 cycde3 cyded cyceb
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Figure 3.10- Change in performance of solar cells after soldering and exposure tc
(&) Change in shottircuit current (Isc) and (opertircuit voltage) \bc after soldering
and each subsequent heating cyde.Setup for measurim the control sample, usin
copper aldesive tape.

3.2.5 Encapsulating the Soldered photocells inside resin micro-pods

Encapsulation of the soldered photocell is a key step of the Eyarn fabrication process
and provides protection to the photocell during its use and washing. As in the previous

work on E-yarns, an optically clear, ultra-violate curable, electronic grade flexible resin
was used to create the resin micro-pods in this study. Micro -pods with a circular
cylindrical shape was prepared throughout this study although it was known that other

cross-sectional shapes such as parabolic or elliptic can have different effets on how
incident light is r efracted in the micro-pod. It was important to have the ability to control

the depth of the photocell inside of the cylindrical micro -pod to ensure consistency when
fabricating the yarns with photocells as well as to conduct an empirical study on the
effect of the depth of positioning of the photocell inside of the micro -pod on the
performance of the micro-pod-embedded photocell. In order to achieve this a bespoke

encapsulation apparatus was devised (Fig. 3.11)
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Figure 3.11- The apparatus for positioning and encapsulating photocells irdic
cylindrical resin micrepods.

The encapsulation apparatus consisted of one rotary and one stationary wire clamp and
two cymbal tensioners, before and after the two tensioners; these securely positioned the
soldered photocell inside of a PTFE (polytetrafluoroethylene) (Adtech Polymer
Engineering Ltd., Gloucester, UK) or a silicone tube (Advanced Fluid Solutions Ltd.,
Essex, UK) during the resin injection and curing pr ocess. PTFBr silicone was employed
as the mould as they allowed the micro-pod to be easily released fom the mould, as
detailed in the literature (Nashed et al, 2019) Due to their flexibility and elasticity ,
silicone tubes showed the ability to better release the micro-pod. Therefore, silicone
tubes were employed for the experiments with photocells. The tube was mounted on to
an adjustable platform with three ET1 T UT T UwOi wi UT 1T EOOwp789 wx OEODI
cross section was aligned concentric with the centre of the rotary fibre clamp. A digital
camera was positioned behind the stationary clamp concentric to the tube with the focal
length adjusted to obtain a clear view of the inner perimeter of the tube. The soldered
photocell-Cu wire strand was reinforced by using a 20f/ 110dtex Vectran yarn

the photocell positioned approximately centrally inside of the tube.
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subsequent processing. The strand was maintaned under tension using the cymbal
tensioners before the rotary clamp was fastened onto the strand. The photocell
positioning was adjusted using the rotary clamp and XYZ movable platform with the

operator observing the position through the camera to ensure that the intended

orientation of the photocell inside the resultant micro -pod was achieved (Fig. 3.12(a)).

Figure 3.12 The stepforencapsulating the soldered devicasPpsitioning the device insid
of the silicone tue. p) Dispensing the resiimto the tube. €) Curing the resin using UV
light. (d) The cured micrgpod released from the tube.

Views from the digital microscopes éfter positioning the device inside the tube dha/file
dispensing theesin.

Once the positioning was complete, a predetermined volume of UV curable resin
(Specifications provided in Annex 5) was injected into the tubular -mould (silicone tube)
(Fig. 3.12(b)).The resin volume was controlled to create a cylindrical micro -pod with a
length 2.0-3.0 mm longer than the length of the photocell (1.0-1.5 mm longer on each

side). Extra care was taken to ensure that the resin was freeof air bubbles and that the
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photocell was completely surr ounded by the resin. The resin was then exposed to UV
light (BlueWave ™ 50, Dymax Corporation, Torrington, CT, USA, Specification provided

in Annex 6) for sixty seconds until it was fully cured (Fi g. 3.12(9). In the case of larger
sized (> 30mm diameter) resin micro -pods multiple UV exposure cycles (four cycles for
the largest micro-pods mentioned in this thesis) were carried out. Finally, the strand was
released from the clamps and the cymbal tersioners, by forcing the cured micro-pod and
Cu wire strand (referred to as micro-pod-Cu strand) out of the tube by pulling the

Vectran yarn (Fig. 3.12(d)).

3.2.6 Embedding the micro-pod inside of a knitted fibre sheath

After the encapsulation process, the micro-pod-Cu strand was wrapped within a sheath
of textile fibres to provide the textile appearance and hand feel. The fibre wrapping or
covering provided additio nal protection to the micro-pod, copper wires and the
embedded photocell. There are three possible routes avaible to wrap a fibre sheath
around the micro -pod; braiding (multiple number of yarns are interlaced at an angle
<90, to form a tubular structure ), circular warp knitting (interlooping multiple number

of yarns in the length direction direction to create a small diameter tubular knitted
structure), and yarn covering (by wrapping one or two yarns around a core yarn in a

spiral shape without interlacing or interlooping). However, in the research a small

diameter warp knitting machine ( RIUS MC-Knit braider, Barcelona, Spain- Specification
provided in Annex 7 ) was utilised to craft a knit -braided structure to prepare the E-

yarns embeded with photocels (Fig.3.13(a)).
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Delivery of the micro -pod-
strand and packing yarns

==

Delivery of the outer

a

Knit -braiding

point
— - Outer yarns making knitted
ﬁ loops and packing yarns
580 5 delivered without making
R Completed E-yarn loops

- taken down by rollers

Figure 313¢ Knit braiding process using thHelUS MC machine equipped withZza0 mm

inner diameterhollow cylinder. @) Photographof the knit braithg machine used fo
completing the Byarns. ) Schematidlustration of the delivery of the yarns and migvod

strand and yarns to the knhraiding point and the output of the process.

Warp knit br aiding was considered the more conducive method for preparing opti cally
active devices, due to its more open gructure of the knit-braid, in comparison to
conventional interlaced braiding. This will be further discussed in section 5.4.4. In
addition knit braiding has been employed for previour E -yarn developemnts which
accumulated substatial knowledge on preparing E-yarns using knit-bariding
(Rathnayake, 2015; Nashedet al, 2019) Two small diameter circular warp -knitting
machines (RIUS MC-Knit braiders with 2.0 and 4.0 mm inner diameter hollow cylinders
with six and eight needles respectively, outer diameters of the hollow needle cylinders
were 10.0 mm; RIUS, Barcelona, Spain) were used to hold the fibres of the peking yarns
(fibre sheath) around the micro-pod and Cu wire, which were consolidated by the
tubular knitted structure formed by interloping the yarns surrounding the packing
yarns. Two sets of yarns were simultaneously delivered to the knitting head of the
machine along with the photocell -Cu/Vectran strand that wa s delivered as the core yarn.

One set of white 48f/167 dtex texturized polyester (PET) packing fibres were delivered
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straight through the inside of the hollow needle cylinder with the RMP, copper w ires
and Vectran yarn, thus these did not form loops. The second set of white PET yarns
(48f/167 dtex) were delivered to the knitting needles on the outer surface of the needle
cylinder, which formed the warp knitted structure (1/1 single bar tricot knitte  d structure)
around the packing fibres, creating the final E-yarn (Fig.3.13(b)).The packing fibres were
used to retain the RMP and copper wire s centrally in the E-yarn and fill the spaces in the
core of the knit braid between the micro -pods, thereby maintaining a regular thickness

along the resultant E-yarn, i.e. minimise the thick -places of the yarn.

For making the knit braid for RMPs with diameters larger than 1.5 mm, the braiding

machine fitted with eight needle hollow cylinder, with a 4.0 mm inner dia meter, was
selected. In this case, eight PET yarns (48f/1&iex) were used for packing fibres while
eight PET yarns were fed to the knitting -needles to form the knit-braid structure. For 1.5
mm diameter RMPs a six-needle hollow cylinder with a 2.0 mm inner diameter was
selected, and six PET yarns (48f/167dtex) wee used to form the knit-braid. Four PET

yarns were used as packing fibres.
3.2.7 Impregnation of the fibrous sheath with clear resin

In some cases, the photoactive side of the photocell embedded yan was impregnated
with the same resin used to create theresin micro pod by dispensing the resin onto the

fibrous sheath (Fig. 3.14.

Figure 3.14 ¢ Photograptof the resin impegnation on a solar cell embeddegbin.

This process was intended to improve the light penetration to the resin micro -pod by
minimizing the light scattering due to the fibre sheath. It was evident that when the air
trapped between the fibres were replaced by a material with a similar refractive index of

the fibres, the Fresnel reflection at the fibre surface was minimised. The wlume of the
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resin dispensed was cantrolled to achieve a full impregnation of the spaces between the
fibres all the way down to the resin micro -pod, while leaving only a thin layer of resin

on the outer most layer of fibres. The resin absorption was also facilitated by the capillary
action of the fibres. Finally, the non-cured resin was exposed to the UV light source for

forty seconds to achieve a complete curing of the resin.

Some relevant optical and mechanical properties of the polymeric material e mployed

during this research are summarized as below(Table 3.3)

Table 3.3+ Opticaland mechnical propertiesf thepolymericmaterial employed f&-yarns
(RI- Refradive Index, TSt Tensilestrength, HD¢ Hardness) These values have been us
in all modelling and calculations

Mater ial Material group HD RI TS
9001 EM3.5(Dymax | Acrylated urathang D45 151 5.2MPa
Corporation, USA | (UV curable)
OP 29 (Dymax| Acrylated urathang D60 1.50 22MPa
Corporation, USA | (UV curable)
OPT 4200| Polyurathane A75 1.47 15 MPa
(Intertronics, UK)
OPT 7020/ Silicone A75 1.41 4.8 MPa
(Intertronics, UK)
OPT 5200| Epoxy D82 1.56 -
(Intertronics, UK)
TexturizedPET yarn | Polyesteryarn - 1.54 84 cN/tex
(Stretchline UK (Morton et

al., 2008)
Vetrar®  (Kuraray | Liquid crystal | - - 229cN/tex
USA) polymer

3.3 Evaluating the optoelectronic behaviour of the photocells and photocell E-

yarns

The fabricated samples were evaluaied for the opto-electronic behaviour under a
predetermined lighting condition. The main objective of the evaluation was to study the
opto-electronic parameters (open circuit voltage and short-circuit current) of the
photocells embedded inside of the RMPs rlative to the bare (without any RMP or fibre
coverage) photocells. To achieve this, a bespoke optical testig was developed that could

generate a reliable and reproducible light beam with a suitable spectral and irradia nce
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output. The test rig also provided a means of using light filters and mechanism to
position the specimens in a repeatable manner. The sampe holder of the test rig was

later modified to allow exposure of the photocell -E-yarns at various incident angles.
3.3.1 Optical test rig

The test rig (Fig. 3.15a)) consisted of a quarts tungsten halogen lamp (QTH10/M
Thorlabs Inc., By, United Kingdom) couple d with a glass diffuser and a concave lens
resulting in a 50 mm diameter circular beam output. The diameter of the output from
the lamp was reduced to 25 mm to match the size of the light filters subsequently aligned
to the light beam using an adjustable filter holder wheel. Next to the filter holder, a frame
with a removable sample holder was mounted. The backside of the sample holder was
attached with a polymeric sheet (Transparent PET sheet; ~0.5mm thickness) on which
the test sample was mounted. The polymeric sheet was marked with vertical and
horizontal grid lines to enable precise positioning of the test sample i n the sample holder.
It was observed that the beam of light caused the temperature of the sample and
surrounding area to rise, with temperatur es as high as 3%C being observed. Therefore,
in order to maintain the temperature of the test samples around 25°C, a Peltier cooler
(Supercool® PE161-12-15, Gothenburg, Sweden) and thermocouple -based feedback
controlled temperature control system was employed. The thermocouple (Z2-K-1.0-
1/0.2MP-ANSI, Labfacility Ltd, West Sussex, United Kingdom) of the temperature
control system (CN7500, Omega Engineering Limited , Manchester, United Kingdom)
was positioned adjacent to the test sample in the sample holder. The Peltier cooling tile
was attached behind the sample holder (cooling face adjacent to the sampleholder)
which was affixed to an aluminium block which acted as a heat sink. Two cooling fans
were provided; one at the back side of the lamp and the other one behind the aluminium
block to prevent overheating of the lamp and the Peltier cooler. The lamp and the Peltier
cooler were powered by a laboratory DC power supply (Fig. 3.15(b)), and the cooling

fans were powered by a 12V AC/DC converter power pack.
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a Tungsten halogen

Peltier
cooler

/ i = ] Temperature

Cooling Fan il (s controller

Filter wheel holder

Figure 315¢ (a) Imageof the optical test rig and light source used to evaluate
photocells and resultant sampléb) Variable DC power source (ISCECH IPS 3303,
RS Components Ltd. Northants, Unité€ingdom). €) Digital multi -meter (3410A 6
%, Agilent Technologies LDA UK Limited, Stockport, United Kingdom) used
evaluationexperinents.

The test samples were mountedonto the polymeric sheet using electrical insulation tape,
with the centre of photoactive area of the photocell aligned to the centre point of the line
grid (with 1.0 mm vertical and horizontal divisions) and the photoactive plane parallel
to the surface o the polymeric sheet. The cells could be observed through the fibres on
close inspection with naked eye, and the positioning was adjusted manually whenever
needed by trial and error . The sample holder assembly was then plaed inside of the
holder frame with the Cu wire connectors extending outwards from the top a nd bottom
sides of the holder frame. The Cu wires were connected to the leads of a high precision
digital multi -meter (34410A 6%, Agilent Technologies LDA UK Limited , Stockport, UK)
using small alligator clips. Each test sample was conditioned inside of th e sample holder

for about 30 seconds before reading measurements from the multimeter (Fig. 3.15(c).

In some cases lhe measurements were conducted under a filtered beam of light using

different optical filters (305 -485 nm band pass, 485 nm longpass and 780 nm long pass)
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to ascetain the behaviour of the photocells and resultant yarns when exposed with
dif ferent bands of the light spectrum. Unless specified the lamp was powered with ~ 12V

/ 0.89A supply.

A dedicated VEMD 6060x1 type photodiode was employed as a baseline to monitor any
variations in the light intensity at the sample holder over time. The | < reading of the
photodiode was considered for this due to the linear dependency between the light
intensity and | sc. The baseline reading was conducted after every ~ 50 readings to ensure
that the light intensity at the centre of the sample holder was wit hin £2% of the initial
measurement. Any variations outside of the tolerance was rectified by adjusting the
input voltage to the lamp. The electromagnet spectrum of the lamp provided by the
manufacturer is given in Fig.3.16(a). The output spectrum and power of the light b eam
generated by the lamp was analysed using a spectrum analyser (LabSpec 4 Bench
Benchtop Analyzer, Malvaern Panalytical, UK) and a power meter (13PEMO0O01
Broadband Power/Energy Meter, Melles Griot, IDEX Health & Science LLC, WA, USA)
without an optical filter (full beam) and with the three optical fil ters mentioned

previously.

Fig. 3.16(b) shows the spectra under the three optical filters normaliz ed to the full
spectrum values. The normalized spectral outputs for the optical filters confirmd a close
match with spectral data provided by the supplier. T he light power output measured at
the sample holder at different lamp voltages under different filt ers is shown in Fig.
3.16(c). The power output of the lamp was observed to be nonlinear to the supply
voltage (V), which is also explined by theory, where p ower output P is given by P = \#/R,

where R is the resistance of the lamp which varies based on thefilament temperature.
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Figure 3.16 ¢ Optical test rig and light source settings)(Image of the optical test rig)(
Manufacturers specification for the emission spectrum of the tungsten halogen
(Courtesy - Thorlabs Inc.). € Transmission spectra forifterent filters employed.dj
Relatonship between supply voltage and optical output of the lamp through roliffigytet
filters.
It was important to study the uniformity of the light distribution incident at the sam ple
holder, to ascertain how variations in the positioning of the device might affect the
measurements. A photodiode of the type VEMD 6060x1 was positioned on each grid

point (the grid had 1mm x 1mm divisions) to map the light intensity at the sample holde r

as given below in Table 34.

Table 34 ¢ Shortcircuit current (Isc) variation measured at the salmolder of the optical tes
rig, without optical fiters. Values given are normalizemlthe c measured at the centre point

the beam.
Normalized Iscmeasured (%)
Area No diffuser Diffuser close to Diffuser between the
(mm) the sample lens and the bulb
Avg | CV Avg CcVv Avg CVv
9 96.0| 2.88 | 96.9 1.67 99.7 0.99
25 91.3| 5.62 | 94.4 3.38 97.8 2.64
49 87.0|7.71 | 92.1 4.65 96.1 3.19
81 82.5/10.4 | 88.4 7.42 94.3 4.41

It was observed that the coefficient of variation of the measured current (I sc) was <1%

within a 3 mm x 3mm square from the centre of the grid (Table 3.3) when the diffuser is
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fixed between the bulb and the convex lens of the lamp. (Appendix 3 provides full details

on this intensity analysis).
3.3.2 Solar simulator

The optoelectronic properties of solar cells vary depending on the incident light intensity
and spectral distribution. Conducting experiments ac cording to the standard test
methods, using a standardised solar simulator, was crucial in order to obtain a realistic
and comparable estimation of the behaviour of any type of solar cell or solar device. The
solar textile was not intended for indoor a pplications hence tests were not conducted at
light intensities observed indoors. In order to characterize the solar cells a solar smulator
was sourced to provide repeatable, reliable and globally comparable input conditions.
After considering a range of models available from different solar simulators
manufacturers, a model (Fig. 3.19 with class ABA rating (Class A for spectral match,
Class B for uniformity and class A for temporal stability) was selected (LSH-7320 ABA
LED solar simulator, Newport Corporation, 150 Long Beach Blvd., Stratford, CT 06615,
USA) as the most suitable (fulfilling the minimum requirements) and cost effective ( low
maintenance and running costs) option. Complete specification of the solar simulator

and the calibration certificate is provided in the Annex 8.

LSH-7320 Spectrum

['l = Solar

I ,'. simulator
N R ;\ g B N LLLLIT

.ll 1 AR AM15G

Jul

' = J reference

anler'ntn {nemj

LSH-7320 Spectral Match

Iy == = = Upper limit

i ! = = Lower limit

% Todal Irradiance

=== Solar
- simulator

Wawsbangth (nm)

Figure 3.17¢ A photograph of theolar simulator employed in this research) (mage of
the solar simulator in operatiorb) spectral distribution anddj spectral natch of the
incident light against hestandard. (Courtesy NewportCorporation, USA)
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Unless specified otherwise characterisations were conducted under one sun (1000 W/n¥)
intensity 1.5 AM g lobla solar spetrum settings. The intesity variation of the beam of light
at the measurment plane was evaluated using the VEMD 6060x1 photodiode, using a
similar procedure e mployed for the optical test rig (full details of provided in A ppendix
4). Theresults confirm ed that the intensity distribution within the 5 mm x5 mm area at

the centre of the beam is < 0.3% (Table 3).

Table 35 ¢ Shortcircuit current (Isc) variation measured under the of the beaintight
generated by the solanwilator at one sun intensity. Values given are normalized todhe
measured at the centre point of the beam.

Measured area (cn¥?) | Normalized | sc measured
Average | CV

9 99.867 0.205

16 99.69 0.311

25 99.708 0.274

An enclosure was used to isolate the sample from external lighting. A feedback -
controlled cooling system (similar to the system used in the optical test-rig, prepared
using identical components) was built to maintain the test sample within £2 °C of a set
temperature. The Peltier cooler and the cooling fan was controlled by a temperature
controller based on the feedback given by a thermocouple positioned on top of the

temperature-controlled platfo rm as shown in Fig. 3.18

/
Cooling

A

Peltier cooler g
covered Wit h
matt black®
adhesive tape

Figure 3.18 ¢ Photographs athe enclosuremployed for conducting measuremel

using solar simulator.
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3.3.3 Conducting characterisations under different angles of incident light

It was important to understand how the incident angle of light affected the performance
of the embedded photocells. Incident angle of light varies througho ut the day for a
conventional fixed solar panel. The incident light intensity on a f ixed flat panel solar cell
varies with the cosine of the angle of tilt (Balenzategui and Chenlo, 2005) Fresnel
reflection (caused by the patrtial reflection at the cell-air boundary) also varies with the
incident angle. Solar tracking devices are used to align the solar panels tothe direction
of the moving sun that minimized the eff ect of change in incident angle. When it comes
to wearable or mobile applications the incident angle is unpredictable, and it is
impracticable to envision any form of tracking mechanism, unless the device is
stationery for relative longer periods. Therefor e, a desirable feature of a wearable or
mobile solar energy harvesting system would be uniformity of performance at different
incident angles. For conducting measurements under different incident angles using the
optical test rig, the sample holder was modified with a Teflon tube affixed with a
goniometer, with 5° angle divisions as shown in Fig.3.19 An opening was cut in the

Teflon tube as shown in Fig 3.19(a))to allow the inserted photo cell embedded E-yarn to

be fully exposed to light between approxima tely -100° to 100° incident angles.

Figure 3.19 + Photographs of #hmodified sample holder to conduct measurements
different incident angles using the optical test rg). Teflon tube attached the goniometer.
(b) Front and €) back views of the sample holder after the modification.

To conduct measurements when light was exposed from the front side (front half circle),

the photocell E-yarn was positioned inside of the tube of the sample mount, to have the
photo-active side of the photo cell facing the centre of the opening in the tube. Exposure
from behind the photoactive side of the photocell E-yarn (back half circle) was simulated

by positioning the back side of the photocell E-yarn facing the opening in the tube. The
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photocell E-yarn was secued to the Teflon tube at its the top and bottom ends and
inserted inside of the sample holder. The incident angle was changed in steps of 5 to the

required value by rotating the dial before recording the | sd/VVoc measurements.

Figure 320¢ (a) The roary sample holder deviseteasurements at different incident angl
using the solar simulator. Sokdt-yarn positioned on t sample holder (b) at varying ident
angles in the radial direction and (c) at varying incident angles in the longitudinattion.

Similarly, a rotary sample holder was devised to conduct measurements at different
incident angles under the solar simulator (Fig 3.20). The rotary axis of the sample holder
was held horizontal by an aluminium pole . A goniometer with 5 ° angle divisions was
fixed to the rotary samp le holder to measure the angle relative to the beam of light from

the solar simulator.

3.3.4 Generating characteristic curves for photocells

Construction of the characteristic curves (IV and power curves) for the pho tocells were
conducted using a fixed resistor array network (Fig. 3.21) with a resistance range from 1
w U O w huYtyi sed. Taugenerate data points, photocells were exposed to the light
source (optical test rig or solar simulator) and then the Cu wires were attached to the
resistor network. The volt ages across the resistor array were measured for each data
point under the selected incident light condition. Resistance value across the resistance
array was also recorded for each data point to include any changes in the contact

resistance of the network. The current through the resistor network was calculated using
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OT1T w. T 0z Uw & Eurentiditdgeu (0V) and power-voltage (P-V) curves were

generated based on themeasured voltages and calculated current values.

a
10X
m

100X

9 8 7 6 54 3 2 1 0

1000 X

9 8 7 6 54 2322 1.0

9 8 7 6 54 3 2 1

10kQ X

9 8 7 6 54 3 2 1 0

9 8 7 6 54 3 2 1
9 8 7 6 54 3 21
0me 8 7 6 5 4 3 2 1

VAN

Figure 3.21t (a) Circuit diagram and p)photograplhof the fixed resistor network used as 1
variable resistor foraleloping IV curves.

3.3.5 Data analysis

In general, for each data point reported in this thesis minimum of five measurements
were conducted on five test specimen and the average value has been presented. In some
instances (e.g. for evaluating the solar fabric demonstrator) five repeat measurements
were conducted on the same test specimen. Standard deviation (SD of the five
measurements was given for each data point to indicate the spread of measurements,
which is graphically represented as error bars. Any exception to the above is explicitly

mentioned under the relevant experimental sections.
3.4 Summary

This chapter reports the types of materials and methods followed to create the photocell
embedded E-yarn specimens studied in this research. This includes the instruments and
apparatus employed to created electrical connecions (soldered copper wires), resin
micro-pods and final E-yarns. The chapter also cktails the experimental procedures
followed in order to characterize the opto -electrical performance of the photocell E-yarns

and to ensure repeatability of the test results. Here, the equipment and apparatus
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employed to generate repeatable lighting (optical test rig and solar simulator) and test
conditions (temperature control system and dark enclosures) were outlined to ensure
repeatability of measurements. The general methods and procedures mentioned in this
chapter may be modified in specific ways to conduct detailed characterisations (e.g. to
evaluate the effect of change in temperature and liquid moisture), which will be

elaborated in the relevant experimental sectionsin the following chapters of this thesis.
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Chapter 4 Photodiode Embedded Electronic Yarns

4.1 Introduction

In the first phase of this research, PDs were considered for theproof -of-concept of a solar
energy harvesting textile yarn, as they were a readily available alternative to miniature

solar cells. Photodiodes (PDs) are semiconductor based opto-electronic sensing devices
that follow similar operating principles as solar c ells. For typical application s, PDs can
be connected under forward bias (photovoltaic mode) or reverse bias (photoconductive

mode) (Yotter and Wilson, 2003). They are extensively used in a number of commercial
products including cameras, medical devices, safety equipment, optical communication

devices, position sensors, bar code scanners, automotive sengs, and surveying
instruments (Yotter and Wilson, 2003; Farahi, 2014) Their wide -spread employment has
resulted in the development of small, low -cost PD devices.PDsalsohave been employed
for energy harvesting in the literature (Cemine, Sarmiento and Banca, 2008; Moayeri

Pour, Benyhesan and LeonSalas, 2014)

The packaging of the photoactive chip of a typical SMD type photodiode is designed for
ashorter responsetime and high precision. Therefore, thesize of the photoactive area of
the device is only a fraction of the total device area: This results in a maximum power
density significantly lower than that of a solar cell. Nevertheless, the knowledge
generated by creating the photodiode embedded yarns (PDEY) would be directly
applicable for a new branch of studies into optical sensing and solar energy harvesting
E-yarns, which had not previously been explored. Finally, the possibility of enhancing
the photovoltaic output of the PDEY by impregnating the fibrous sheat h with a clear

polymer resin was evaluated.

The use of the Eyarn technology to embed optically sensitive electronic devices, such as
a photodiode or a solar cell, within the core of a textile yarn could have implications on

how the embedded device would r espond to the incident light. In this chapter an in-
depth study on how the individual components of the E -yarn (the resin micro-pod and
the fibrous sheath) affect the photovoltaic output of the embedded d evice was studied
using miniature photodiodes. The study provided a close representation of how E -yarn
embedded solar cells would respond to incident light, in comparison to a maiden (non-
embedded) solar cell, which was critical in assessing the technical viability of this

approach for creating solar energy harvesting textiles.
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It was understood that the resin micro-pod (RMP) could interfere with the incident light

depending on the geometry and optical properties of the resin material of the micro -pod.
These effects may have significant implications on the intensity of light received by t he
photoactive area of the embedded photocell (the term photocell was generally used to
represent for photoactive chip of the photodiode or solar cell), and hence the electrical
output of the device. In order to theoreticall y estimate the electrical output of the micro-
pod embedded photonic devices, in relation to the optical properties and geometry of
the micro-pod, a generalized mathematical model is presented in this chapter. An
empirical study was conducted to validate the model based on a cylindrical micro-pod
shape. Subsequently, the experimental data from the empirical study was compared
against the estimated values from the mathematical model (simplified for a cylindr ical
micro-pod shape) to confirm the validity of the model within the given boundary

conditions. The textile fibres of the packing yarns would scatter the incident light and
have a significant influence on the amount of light received by the RMP, and eventually
the photoactive surface of the embedded device which would determine the

photovoltaic output of the photocell E-yarn. The empirical study further investigated the

individual and cumulative effects of the packing fibres and a knit -braid structure used

to consolidate the packing fibres on the electrica output of the PDEY.

The results presented in this chapter provide a proof-of-concept for a solar energy

harvesting textile yarn and pave the way to the next stage of the research where solar

cells will be embedded with yarns. The PDEYs discussed in thischapter reappear in the

chapters 5 and 6 where they were subjected to further tests along with the solar cell

embedded yarns. The work presented in this chapter is previously featured in a

publication t UOT Ews/ T OUOEDPOEI Uwl OEI EEIUE w ER Wi U8 G wul BEQI A WO C
(author list: Achala Satharasinghe, Theodore HughesRiley and Tilak Dias)

(Satharasinghe, HughesRiley and Dias, 2018) which discussed the application of the

PDEY for sensing applications, although these results areequally important and relevant

for energy harvesting applications.
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4.2 Modelling the effect of the micro-pod encapsulation

In order to understand and characterise the effects of the resin micrepod on the opto-

electronic performance of the embedded device a generalized mathematicalmodel was

Fundamentam

/ photovoltaics ﬁ

proposed (Fig. 4.1).

4 AGeometric Optics

IsdVoc values
ARefraction, ’ relative to a non-
Reflection and 1 Effects of level of encapsulated
absorption of light irradiance o n device under same
light Voc and Isc light conditions
1 Characteristic 1V
Ray Tracing curve for each
Model device. Predictive model
~ AN A —— for I scand Voc
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Figure 4.1 ¢+ Predictive model development based on ray tracing mauoie|
fundamentals of photovoltaics.

A generalized mathematical model was proposed to estimate the effects of the geometry
of the cylindrical RMP (selected due to the cylindrical geometry of fibres and yarns),
optical properties of the resin, and incident light ing conditions on photovoltaic
performance of the photocells. The model was derived based on geometrical optics
(Keating, 2002; MalacaraHernandez and Malacara-Hernandez, 2013) and the
fundamentals of photovoltaics (Cemine, Sarmiento and Blanca, 2008; Markvart and
Castarier, 2012; Vincen et al, 2015) First, a ray tracing model was defined based on a
cylindrical RMP with uniform cross section. The ray -tracing model estimated the light
intensity at a photoactive plane defined inside of the RMP. The light intensity was
governed by the shape of the RMP andthe optical properties of the micro -pod material
as explained by the fundamental laws of refraction, reflection and absorption o f light.
Based on the estimated light intensity at the photoactive plane and the photovoltaic
performance of a non-embedded photocells, the short-circuit current (I sc) and open-
circuit voltage (V oc) of a photocell embedded inside the RMP could be predicted.

This generalized model can be extended to incorporate RMPs with non-uniform three -

dimensional features (e.g. hemispherical) which were not within the scope of this work.
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The generalized model was simplified to represent the experimental scenarios of interest

in this work, with experimental results compared against the model -estimated results.

4.2.1 Generalized ray-tracing model

A right -angled cylinder (with its bases given by a function y=g(x) ) representing the
RMP was defined with respect to a three-axis rectangular co-ordinate system (XYZ) as
given in Fig. 4.2(a). The intersection between the cylindrical RMP and a plane orthogonal

to the bases of the cylinder (parallel to the XZ plane) was defined as the plane of

measurement.
a b
Y A
Beam of parallel light
Plane of
measurement y=9(x)
X
\Cylind rical resin Erc
micro-pod \ E 3

Base defined by (-W,h) ) Wh)
y=g(x) E C#/ (x./h)

Figure 421 Development of the ray tracing model) Defining the micrgpod geometry
and plane of measurement. (i)stration of the ray tracing model for a cross sectior
the micrepod. The plane of measurement is indicated by green colour.

A single ray of incident light can be considered, as illustrated in Fig. 4.2(b). The ray had

an intensity 'O and an angle wto the vertical axis, which met the boundary of the

cylindrical micro -pod defined by y=g(x) at co-ordinates a,c». A fraction of the incident

ray was reflected (Q ¢ at the boundary surface and the remaining fraction ('Q,) of light

was refracted into the RMP. The refracted ray was partially absorbed (attenuated)

during its travel inside of the RMP before reaching the plane of measurement (Q).

'EUTI EwOOwUT T wUl O EUI Ewl 1 601 UUa GoudetdrmidetizeU w OEP wi OU w

intersection point of the refracted ray and the photoactiv e plane as given in equation (1).

0w W — (1)

Where 1 was the angle between the transmitted ray ‘O and the photoactive plane, which

was determined by incident angle of the ray (W), the tangent angle at the boundary

104



Chapter 4 Photodiode Embedded Electronic Yarns

surface (Q Q cat w o) and the refractive index of the micro -pod material (£ ); Qwas

the distance between Xaxis and the plane of measurement.

A fraction of the ray (O was partially reflected at the plane of measurement, and the

residual ray (O was transmitted to the photocell.

Based on the geometry of the RMP and theory of light absorption, the light

transmitted (Keating, 2002)to the photocell at (o FQ was given by equation (2).

0O 0zp Q p Qzpn¥ )
where Awas the decadic attenuation coefficient for the micro-pod material, "Q was the
fraction of light reflected at the air -micro-pod boundary surface and "Q was the fraction

of light reflected at the micro -pod-measurement plane respectively. Q and "Q were

derived using Fresnel equation (Keating, 2002)as shown below.

D‘Z
|

(3.1)

0 -z — (3.2)

Here, —was the angle made by the incident ray to the normal of ® "Q at @ o

I whGnd ¢ was the refractive index of the photoactive surface.

The average light intensity (O ) between two points & AQ and & RQ on the plane of

measurement was given by:

o —— (4)

4.2.2 Deriving the electrical parameters using the ray tracing model

For a photodiode with a rectangular photo -active area embedded inside of an RMP, that
has a width equal to the measurement plane discussed in the above ray tracing model,
the irradiance intensity on the photodiode ‘O (synonymous to the term 'O  used in the

ray tracing model) can be estimated.
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The relationships between short-circuit current and irradiance intensity is linear for a
photocell (Chegaar et al, 2013) Therefore, the short circuit current for an arbitrary
irradiance intensity level ‘Ocan be given based on a baseline irradiance intensityO and

the resultant short circuit current O as:
O O/ — (5.1)

For a given irradi ance intensity, open-circuit voltage « can be given based on a baseline

irradiance intensity ‘O and the resultant open circuit voltage w  as:
w W —7 11— (5.2)

Where £ A and "Yrepresent the ideality factor for the photocell, Boltzmann Con stant,

electron charge and absolute temperature respectively (Chegaaret al, 2013)

The performance of a soldered PD without RMP or further modifications was considered
the baseline (O ,"0 ,® )for generating theoretically estimated Iscand Voc values. The
derived model was subsequently validated experimentally to provide a generalised
solution for the encapsulation of optical devices within similar micro -pods. Full details

of the mathematical model are provided in Appendix 5.

4.2.3 Simplification of the generalized ray tracing mathematical model

In order to generate theoretical values to compare with the experimental data, the
generalized mathematical model was simpli fied to a cylindrical RMP with aright -angled
circular base as llustrated in Fig. 4.3(a), where the diameter of the cylinder was R. The
centre of the cylinder in the circular plane was taken as the origin and the boundary

surface of the RMP was given by equation (6.1).
W Qw Y o w (6.1)

A~ s N oA

the defined circular geometry.

— OET - (6.2)

s A

[ (6.3)
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The estimated light intensity distribution at the photoactive plane for PD1 embedded

inside of cylindrical RMPs (with circular bases) of different diameters is sho wn in Fig.

4.3(b).

£ 200 s
£
f;__")
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=
_’Ec 100 58mm | 2.7mm
— 4.8mm 1.9mm
3.8mm — 1.5mm
50 1 1
-0.5 -0.25 0 0.25 0.5

Distance from the centre (mm)

Figure 43 ¢ Simplification of the rayjracing modeffor a rightcircular cylindrical micro-
pod. (a) Ray tracing model for a rigtitcular cylindrical micrepod. (b) Intensity variation
at the measurements plane estimated using the simplified model, foipmitsavith different
diameters.

Equations (6.1)- (6.3) were used to simplify the generalized ray tracing model given by
equations (4.1)- (4.4) to a micro-pod with circular cross section. To arrive at the estimated
Isc and Voc values equations (5.1)- (5.2) were substituted with the corresponding £ £,
Iscvand Vocavalues. The constantnkT/q was derived using the IV curves for the non -

embedded devices.

4.2.4 Application of the mathematical model to photodiodes

The photodiodes employed in the study had an epoxy encapsulation window for the
protection of the photocell. For simplicity in calculations when applying the
mathematical model, the PDs were considered to have an epoxy window with negligible
thickness although the actual thickness of this layer was ~ 0.5 mm. Therefore, the use of
the simplified model for the PD with negligible epoxy window thickness in the above
developed mathematical model needed to be justified. The calculation below verifies
that when the effects of optical reflection, refraction and absorption were considered,
this simplification made an insignificant difference on the irradiance intensity at the

photoactive plane for all scenariosdiscussed within this chapter.
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Figure 4.4- Comparisorphotodiode (PD) configuratian(a) Actual PD before encapsulatidib)
Model defined PD before encapsulatiah Actual PD after encapsulatio (d) Model defined PD

afterencapulation.

Before encapsulation

When the actual PD and model defined PD configurations were compared before

encapsulation, the loss in transmission due to Fresnel reflection (partial reflectance at

material interfaces) was the same due to the sameacrylic-epoxy material interfaces

present in both the cases The reduction of intensity due to absorption of light by the

epoxy material for actual PD configuration is given as:

b & o ChiondcE | OO ¢ ®eQMI®Ma a 60 Qe Qi i
p pmd 8 Zp 1T T8 ppb

The model-defined configuration only had a fraction of the above loss due to the thinness

of the epoxy layer.

After encapsulation

If a ray which passes the air-acrylic resin interface, enters the arylic material, reaching

an edge of the photoactive material is considered, calculations show that the ray reaches
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the acrylic material at an angle no more than 1(° to the vertical axis, for all the scenarios
discussed in this thesisfor both PD types. Both the rays shown in Fig 4.4(c) and Fig 4.4(d)
cross the same material interfaces, therefore the reduction in transmittance due to
Fresnel reflectance is the same. Since the epoxy layer in the simplified consideration is
very thin, the effect of refraction can be neglected.
From2 Ol OO0z UwOEPwUUD@BO!l Buwuebh wb@UO®EOT 1 wi xORawob
below.
p® POEd @ p® VOEITE w U
The deflection (Q of the incident ray due to refraction within the PD can be calculated

as below for an epoxy layer thickness of 0.5 mm (the actual epxy layer thicknesses of

PDs are less 0.5 mm).

Q ™ OAd OAR U EQ m™BImgaun
This deflection was negligible compared to the width (0.92 mm) of the photoactive
material (less than 0.25%)of the photo cell. Additionally, similar attenuation coefficients

for the acrylic and epoxy materials resulted in a negligible difference in losses due to

optical absorption.

Based on the above calculations, it can be concluded that the physical differences
between the actual PDs and simplified PD configurat ion used for estimations had a

negligible difference on light intensity calculated at the photoactive plane.

4.3 Empirical study on the effect of resin micro-pod on photodiode performance

Experiments were conducted using two types of commercial surface mount d evice
(SMD) silicon P-I-N type PDs (TEMD7000x1 and VEMD6060x1 from Vishay
Intertechnology Inc., Malvern, PA, USA), hereafter referred to as PD1 and PD2
respectively. The effect of RMP size, resin type, position d the PD inside of the RMP,
and the fibrous sheath on short circuit current (I sc) and open-circuit voltage (V oc) of the
PDs in photovoltaic mode (zero bias) (Deen and Basu, 2012; Saito, 2012jvere

experimentally determined.
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Figure. 4.5- Characteristic curves for the two photodiode (PD) types employed i
experiments.d) TEMD 7000/ 01 (PD1). € VEMD 6060/ 01(PD2).

Fig. 4.5 depicts typical characteristic curves (current-voltage and power -voltage) for the
two PD types, generated under the optical test-rig at base line test conditions produced
by supplying a 12 V/0.89 A input to the lamp and without using light filters  along with
the corresponding fill fac tors (FF) of and ideality factors. PD2 had a larger area to
perimeter ratio, and showed a ~13% higher fill factor and a lower ideality factor
compared to PD1, this was possibly due to lower edge recombination of charge carriers

(Fell et al, 2018)

4.3.1 Variation analysis for TEMD 7000x01 before and after encapsulating inside
RMPs.

Thirty samples created using PD1 were tested using the optical test rig under baseline
test conditions, with | sc and Voc recorded. The soldered PDs showed an average,
standard deviation (SD) and co-efficient of variation (CV) of 12.87 pA, 1.14 pyA and 8.86
% for Isc (Fig. 4.6(a)) and 0.381 V, 0.0045 V and 1.18 % foro¥ values (Fig. 4.6(b)).

Twenty of the thirty soldered PDs were randomly selected and encapsulated inside of

cylindrical RMPs with a ~2.7mm diameter using the Dymax 9001E-V3.5 acrylated
urethane resin (Dymax, 9001EV3.5, Dymax Corporation, Torrington, CT, USA; this

resin was used throughout this work unless otherwise specified). The PDs were
encapsulated at the lowest possible level of the resultant RMP. The encapsulated
samples had average,SD and CV values of 23.20 pA, 1.88 and 8.12 % forst (Fig. 4.6(a))
and 0.4101 V, 0.0040 and 0.97 % fordé¢ (Fig. 4.6(b)). From these results, it was clear that

there was a significant increase in Isc and Voc values after the encapsulation, which
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provided evidence of a light concentrator effect of the RMP. There was a variation in the
Isc values before the encapsulation process, which remained unaltered after the
encapsulation, indicating that no measurable variation was introduced to the | scvalues
by the | OEExUUOEUDPOOwW xUOEI UUBw 371 Ul wYEUDPEUDPOOL

specifications and therefore strict quality checking was not considered a requirement.

2
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1357 911131517192123252729 1357 9111315171921232527 29

Sample No: Sample No:
EBefore encapsulation ®.After encapsulation

Figure 46 - Variation analysisof TEMD 7000Q° 1 Photodiode before and after encapsula
inside 2.7mm micrgpods instandard PD configuration.&) Short circuit current. b) Open
circuit voltage.

4.3.2 Effect of micro-pod diameter

Sets of PD1s soldered onto fine copperwire s were encapsulated with 1.5 mm, 1.9 mm,
2.7 mm, 3.8 mm, 4.8 mm and 5.8 mm diameter RMPs usinghe clear acrylated urethane
resin. Similarly, sets of PD2s were soldered onto fine copper interconnects and were then
encapsulated creating PD2s encapsulated within RMPs with 2.7 mm, 3.8 mm, 4.8 mm
and 5.8 mm diameters. A 5.8 mm outer diameter RMP would produce a final E-yarn that
was significantly larger than desirable for a wearable application, therefore larger RMP
sizes were not investigated. The PDs were positioned at the bottom d the resultant RMP
(hereafter referred to as the standard PD configuration): Therefore, the exact depth of
the PD within the RMP also varied with the micro -pod diameter as depicted in Appen dix
6.

The Iscand Voc values were recorded and are illustrated in Fig. 4.7, along with the values
predicted by the mathematical model. Both the Isc and Voc values for PD1 showed an

increase in values up to a 4 mm diameter RMP, which plateaued afterwards. In the case
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of PD2, despite the increase in kcand Voc values, the plateau effect was indistinct for the

RMP sizes tested for this experiment.
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Figure 4.7 - Effect of micrgpad diameter on shoutircuit current (Isc) and opencircuit
voltage (\4c) for photodiodes (PDs) embedded in the standard configuration under difi
optical filters.(a) Isc compared to RMRliameter for TEMD 7000 1. (b) Isc compared to
RMP diameter for VIEID 6060/ 1.(c) Voc compared to RMRBiameter for TEMD 7000 1.
(d) Voc compared to RMBliameter for VEMD 6060 1. In all the casethefirst data point
of each dataeries (demarcateding a marker with ablack border) indiatedthe kcand Voc
values agairtsthe width of the photoactive area for remcapsulated PDs.

Fig. 4.8 showed kc and Voc measurements under three different optical filters
normalized to the corresponding measurement without an optical filter for PD1 and
PD2. Thesevalues remained constant for both the PDs before and after encapsulation
inside RMPs of different diameters. This indicated that the spectral band of the light
received by the photoactive chip of the PD did not change with the diameter of the RMP.
This was an important result as different spectral wavelengths could be relevant to
different use cases. The incident light spectrum may vary based on the ambient
conditions, and in some instances the available light source may not be direct sunlight
(e.g. artificial lighting that has a different light spectrum). Also, the fibre sheath and
micro-pod could take different colours based on the aesthetic requirements that act as a

light filter.
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Figure 48 - (a) The ratio betweenrcdwith and without optical filtercompared to theicro-
pod diameter. (b) The ratio betwees With and withoutoptical filtercompared to thenicro-
pod diameter. In all the cases, first data point of each data series (demarcated with
border) indiate the 4c and Vbc values against the width of the photaagtarea for non
encapsulated photodiodes (RDEMD 7000/ 01, PD2- VEMD 6060/ 01).

An estimation of Iscand Voc values were calculated using the mathematical model and
compared with the experimental data points, with a mean average percentage error
(MAPE) subsequently calculated. The mathematical model estimated values exhibited a
close fit with the experimental da ta with MAPEs of 7.38% for Isc and 1.40% fa Voc for
PD1 and 8.13% for kcand 0.43% for Voc for PD2, considering all RMP sizes. When RMP
sizes up to 4.8 mm were considered for PD2, the MAPEs improved to 5.57% for kcand
0.33% for Voc indicating the better fit of the model within these boundary co nditions.
Therefore, it can be concluded that the developed mathematical model was suitable for
predicting | sc and Voc values for both PD types within the given error percentages,

providing a useful general soluti on.

4.3.3 Effect of the depth of positioning the photodiode inside of the resin micro-pod

PDs were embedded inside of 2.7 mm diameter RMPs at three depth levels (the standard
PD configuration of extreme bottom, at the extreme top, and at the centre). Microscopc
images of the RMPs confirmed that the level of accuracy of the PDs positioning inside
RMPs to be within ~ £5% (detailed in Appendix 6 ). The experimental results for Isc and
Voc are presented against the depth to RMP diameter ratio (hereafter referred toas DDR)
in Fig. 4.8 along with predicted va lues from the mathematical model for different RMP

diameters (1.5 mm, 2.7 mm, and 5.8 mmfor PD1 and 2.7 mm, and 5.8 mmfor PD2).

113



Chapter 4 Photodiode Embedded Electronic Yarns

The results (Fig. 4.9) confirmed that the depth of the photocell within the RMP wa s a key
determining factor in the opto -eledronic performance. The mathematical model
predicted values showed a good fit with the experimental data with a MAPE of 7.41%

and 6.25% for kcand 1.36% and 0.80% for \bc for PD1 and PD2 respectively. This further

confirmed the utility of the mathematical model for accurate predictions of | scand Voc

values.
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Figure 49 - Effect of depth on shecircuit current (Isc) and opercircuit voltage (\éc) for

photodiode embedded resin mipgoals with different diameters Experimental and
mathematical model estimated wed given for (a)st compared taleggh/diameter ratio for
TEMD 7000/ 1, (b) \Wbc against depth/diameter ratio for TEMD 700Q, (c) kc against
depth/diameter ratio for VEMD 608601 and (d) Voc against depth/diameter ratio for VEMI
6060/ 1. Measurements condigdl using the optical test rig withut optical filters.

Based on the predicted values, it was clear that the PD diameter did not have a direct
effect on the Isc and Voc for up to a ~0.75 DDR for PD1. The model predicted that for
PD1, a 1.5 mm diameterRMP would yield maximum | scand Voc at around ~0.85 DDR.
In the case of PD2, the 2.7 mm diameter RMPs generated the maximum values for 4c

and Voc, at a DDR of around 0.87. For PD2, it was not possible to fabricate 1.5 mm RMPs
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since the SMD packaging of PD2 was 20 mm wide. Nevertheless, the mathematical
model predicted that the | sc and Voc values for the photoactive chip (~0.9mm wide) of
the PD2 embedded inside of a 1.5 mm RMP would reach a maximum value at around a
DDR of 0.65. These values were signifiantly lower than the corresponding m aximum

values of PD2 embedded within 2.7 mm and 5.8 mm diameter RMPs.

These experimental results along with the mathematical model estimations indicated
that DDR was a key parameter when optimising opto -electronic characteristic.: DDR
showed a greater direct influence on the PD performance than the absolute values of
depth or the diameter of the micro -pods. In general, higher DDRs yielded higher values
for Isc and Voc. Nevertheless, in certain cases there existed peakst and Voc points
beyond which a margi nal decrease in kc and Voc was observed. This was attributed to
the diversion of rays away from the photoactive area of the PD and an increase in the
path length of the light inside the RMP (leading to greater light abs orption). As
mentioned previously, i n practical scenarios, it was not always possible to achieve DDRs
that yield the theoretical maximum | sc/Voc value due to the thickness and width of the

PD.

When the results for PD1 and PD2 were compared it was clear hat the RMP diameters
that realised the highest IsdVoc values were different for each PD type. This was an
indication that the width of the photoactive plane was also a key determining factor in
selecting the size of the RMP. The RMP should be large enou) to accommodate the
photoactive device and there may exist a practical maximum RMP diameter value owing
to the design constrains governed by the end applications and process parameters. It is
important to examine how the | scand Voc values behave within these limits to determine

the most suitable RMP diameter.

4.3.4 Effect of the micro-pod material

The effects of the material properties of elements used in optical systems are well
understood: They can define how electromagnetic waves reflect, refract and get

absorbed, for an optical element with a given geometry.

Experiments were conducted using five different types of resins (including the standard
resin) by embedding PD1 type within RMPs of 2.7 mm diameter (in the standard PD

configuration). These resins had refractive indices rangin g from 1.404 to 1.5® (this was
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the widest range of refractive indices for a clear polymer resin readily available
commercially). Except for the 9001 EV-3.5 and OP 29 which were UV curable acrylic
resins, the other resin types used were room-temperature vulcanized (RTV) resins.
Therefore, resin micro-pods using the RTV resins were prepared by letting the resin cure
at an elevated temperature (~ 40C) for ~4 hours after injecting the resins into a mould.
All the resins tested have been utilised by the electronic industry and have been
specifically developed for encapsulating and bonding electronic or optic devices. As the
resultant RMPs exhibited different levels of shrinkages after UV curing, experimental

results were normalized based on the diameter of the RMP produced with standard resin

to provide comparable | scand Voc values. The results were plotted against the refractive
indices as depicted in Fig. 4.10. In addition, the mathematical model estimated Isc and

Voc values were indicated in the same figures.

The results indicated an overall increasing trend in Iscand Voc values with the increase
in the refractive index. The silicone-based resin OPT 7020yielded the lowest Isc while
the optical grade acrylated urethane resin OP29 exhibited the highest kc values, which
was ~15% higher than the standard resin (9001 EV3.5). Nevertheless, considering the
proven suitability for electronic applications (better resistance to moisture and thermal
cycling), lower hardness, and price the 9001 EV3.5 resin was contnued as the material

used for preparing micro -pods in further work.
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Figure 410 - Effect of resin material type on shaitcuit current (Isc) and opercircuit
voltage (\c) for photodiode embedded resin mjmods. Experimental anchathematical
model estimated values given for TEMD 700Dembedded inside 2.7mm diameter mic
pod in the standard configuration. (axkompared toefractive index. (b) & conpared to
refractive index. The blue line indicates the mathematical moddiciae values witha
decadic attenuation coefficient cd@01 dB/mm.

It was noteworthy that for the RMP geometries considered in this study, the refractive
index had a significantly higher impact than the atten uation coefficient on the irradiance
intensity measured at the photoactive plane. The refractive index governs the ray
concentrating effects, while also defining the reflective losses (at material boundaries),
which are significant in magnitude. As an exam ple, in the case ofa 2.7 mm diameter
RMP made of the standard resin (1.51 refractive index and 0.0001 dB/mm attenuation
coefficient), theoretical values for the percentage of light reflected at the surface of the
RMP and the percentage absorbed by the RMPwere ~4 % and lessthan 0.05 %
respectively. The model-estimated values for each data point were calculated based on
the assumption that all of the resins absorbed light in a similar way, which may not have
been the casg(Knoll, 2006) as detailed information on attenuation coefficient of all the
resin-types was not forthcoming in the literature. When compared with the experimental
data, the mathematical model exhibited a MAPE of 6.03 % and 1.44 % for ¢c and Voc

values respecively, which indicated a good fit.

4.4 Photodiode embedded electronic yarns

PD E-yarns (PDEY)s with PD1 and PD2 type devices were realized by encapsulating

them inside of 2.7 mm diameter RMPs in the standard PD configuration and finally
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integrating them within a fibrous sheath (2.7 mm was the smallest RMP size that could
be employed for both PD types) as depicted in Fig. 4.10. PDEYs with 1.5 mm diameter
RMPs were prepared only using PD1 type d evices.

: \ Knitted

/structu re

Photodiode

Packing fibres
Solder joint

Figure 411 ¢ (a) Cross sectional illustration of photodiode embedded yarn. (b) bhage
photodiode embedded ya(fkin yarnt TEMD 7000 embedded in 1.5mm micropod and in 2r
knit braid Thick yarnt VEMD 6060 embeéded in5.8mm micrepod andsmm knit braid).

The structure of the PDEYs and images of the devices after each step in the fabrication

process are given in Fig. 4.11 (ag). The finalized PDEY had a maximum outer diameter

of ~4.4 mmand a minimum diameter of ~4mm .
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4.4.1 Performance of photodiode embedded E-yarns
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Figure 4.13¢ Comparison of experimenté)shortcircuit current (Isc) and (b) open
circuit voltage (\c) TEMD 7000x1 and VEMD 6060x01 before encapsulation, a
embedding inside resin miecpmds of 2.7mndiameter (standard resin in the standard F
configuratior), and for the completed PD yarn (with the same RMP, sheathtiresfand
knitted structure). Measurements conducted using the optical testatigpaseline
conditions.
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It was evident that th e sheahing fibres and knit -braid structure had a negative effect on
the Isc and Voc, due to the reduction of light flux on to the RMP caused by scattering
(Aliaga et al, 2017)and absorption (Pelton, 2002)of light by the fibres (see comparative
results in Fig. 4.13. Nevertheless, the finished PDEY g@erated Isc and Voc values

comparable to the original PDs.
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Figure 4.14¢ (a) Example currenvoltage (V) and powevoltage (PV) curves for one samp
(b) Maximum power (Rax), and (c) fill factor (F) for TEMD 7000" 1 photodiode (PD)
devices at different stages of the Pdtn (PDEY) fabrication process based on fiwehd
PV curves. Resin micspod (RMP) diameter 2.7 mm and yarn thickness was 4mm.
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A further analysis was conducted for PD1 by generating | -V and P-V under the standard
test conditions using the optical test rig at different st ages of the PDEY fabrication
process (Fig 4.14)The maximum power output (P max) and FF (fill factor) were estimated
using the data from Fig. 4.14(a) showing example |-V and P-V curves for one sample and
derived Pwax and FF valuesbased on five IV and PV aurves in Fig. 4.14(b-c).

The results clearly show the positive effects of the RMP on the power output, and
subsequent reduction in power output due to the fibrous sheath. Nevertheless, in
comparison to the un-embedded device, the PDEY showed no significant change in Pvax,
suggesting that the micro-pod and the fibrous sheath had approximately equal but

opposite effect on the power density at the photoactive area of the PD.

4.4.2 Individual and combined effect of the components

To understand the individual effect s of the RMP, packing fibres and the knit-braided
structure on the performance of the PDEYs, a series of PD1 embedded devices with
different constructions were fabricated and Isc measurements were conducted, as shown
in Fig. 4.14 below. These yarns had anRMP of 1.5 mm (with the PD in standard PD
configuration) and final E-yarn thickness of ~20mm. A 1.5 mm diameter RMP was used
for these expeaiments, as this wasthe smallest possible yarn diameter achievablefor PD1

out of the RMP sizes tested.

As discussed previously, the light concentrating effects of the RMP were evident with a
23 % increase in $cfor PD wi th the RMP (Fig. 4.13 a (ii)) compared to PD only (Fig. 4.13
a (i)). This was reduced by around 48% after covering the RMP with the knit -braided
fibrous sheath (Fig. 4.13a (v)). When the Eyarn was made without packing fibres (Fig.
4.13a (iv)) the kcvalues were ~29% lower than the PD with the RMP values. When the
E-yarn was made without a micro -pod (Fig. 4.13a (iii); the soldered PD was manually
inserted into a knit-braid structure), the I sc values were 39% lower than for the PD only
(Fig. 4.13a (i)) value, which showed the combined shading effect of the packing fibres
and the knit-braid on the PD.

These results provided a clear indication of the individual and com bined effects of the
RMP, packing fibres and the knit-braid structure on the amount of light transmitted to
the photosensitive area of the PD. The knitbraid (linear density of the knit -braid

~385mg/m) showed a higher shading effect than the packing fibres (linear density of
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packing fibres ~70mg/m), due to the higher fibre density created by the loop structure of

the knit.
a
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(i) PD only 12
(i) PD with (iii) PD with packing <
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Figure 4.15 ¢ Individual effect of different cqmonents of the PD embedded yarn on
short circuit current (ko). (a) Schematic crossectional view of different yarn
constructions with PD1(b) The kc values for each yarn construction under full spect
incident light using the optical test rigc) Microscopic image of the knit braid structur
(d) Schematiadepictng the transmission of light through the packingréis and knit braid
structure in the fibrous sheath.

The shading effect of the composite fibrous sheath can be attributed to the amount of
light scattered and absorbed (attenuated) by the fibres in the sheath. The knit-braid has
a semi-open tubular structure (Fig. 4.13c) where a proportion of the light can be directly
transferred to the interior (packing fibre layer) of the PD -E-yarn throu gh the openings
without scattering or absorption. The degree of openness of a knitted structure is defined
by the porosity (Gong, 2015) which is dependent on the thickness of the yarns and loop
structure of the knit ted fabric. A proportion of the light that was received by the yarns
in the knit -braid was partially reflected or scattered at the surface of the fibresof the
yarn. Each individual fi bre will scatter a fraction of incident light depending on the

refractive index of the fibre material. Therefore, the total amount of light transmitted
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through the knit -braided sheath and packing fibres woul d decay exponentially w ith
fibre density as further discussed in Chapter 5 Polyester fibres typically have an
refractive index of ~1.54 (Morton et al, 2008)meaning that 4 - 5 % of the incident light

was reflected by a single fibre.

Light penetrating into the fibre was absorbed by the polymer and delustrants present
withi n the fibre (Morton et al, 2008) The light absorption contributed s ignificantly less
than the light scattering, especially for the fine and white/light colour fibres employed
in this study. Due to these phenomena, only a proportion of the incident light would be
transferred though the bundle of fibres to the inner layer o f the yarn. The same efect,
with a lower magnitu de, was given by the packing fibres sincethe number of fibres were

smaller than that of the knit -braid.
4.4.3 Effect of resin-impregnation

It was clear that the Fresnel reflection at the fibre surfaces caused lignt scattering,
resulting in a reduction in the li ght penetrating into the core of the PDEY. According to
theory this was caused by the difference in refractive indices of the materials on either
side of the material boundaries, which in this case were the refractive indices of polyester
and air. A prelim inary experiment was conducted by impregnating the fibrous sheath

with the optically clear resin, thereby replacing the air pockets be tween the fibres with

the resin which had a refractive index similar to t he fibre material. The results showed a
significant enhancement of Isc, it was speculated that this enhancement of light

transmission was caused by reduced Fresnel reflection.

b

PDEY with resin
impregnation

PDEY

0 10 20 30 40 0.3 0.35 0.4 0.45 0.5
Lsc(nA) Voc(V)

Figure 4.16 + Change in (a) appeanae, (b) shortircuit current (Isc) and (c) operftircuit

voltage (\éc) after resin impregnation for photodiode embeddgdris (PDEY) preparec
with TEMD 7000/ 1 (PD1) andVEMD 6060/ 1 (PD2) 2.7 mm diameter resimicro-pods
and 4 mm diameter fibrous shealeasurements conducted using the optical testatic
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4 5Conclusions

The effects ofthe RMP geometry and material on the opto-electronic properties (short
circuit current and open circuit voltage ) of the PD E-yarns were investigated in detail
empirically and by using a mathematical model. The experimental data exhibited a good
fit with t he mathematical model, which proved the utility of the model in establishing
design rules for the PD E-yarns within given constraints. Th e results indicated that for
the two PD types discussed in this work, the depth (represented as a ratio of the diameter
of the micro-pod) at which the photoactive plane of the PD was positioned inside the
RMP was a key factor in determining the I scand Voc values. The experiments conducted
with PD embedded within micro -pods made from a series of resin types (with a range
of refractive indices) showed the positive effect that higher refractive indexes had on | sc

and Voc.

The results of the experiments conducted with the PD embedded E-yarns revealed that
the Isc and Voc values of the finished yarn were comparable to the values produced by
bare PDs, and lower than the values of PDs embedded inside the micropods. The knit-
braid structure of the fibrous sheath was the main reason for this reduction, while the
packing fibres also contributed. This reduction in performance could b e minimized by
impregnating the fibrous sheath with a clear polymeric resin, reducing Fresnel
reflection. In general, Isc was highly sensitive to the variations in the geometry and
material type of the yarn components (due to the linear relationship between Isc and
light intensity), while V oc values varied modestly with similar variations (due to the

logarithmic relationship between V oc and light intensity).

With the results obtained for PD embedded E-yarns using this technique, there was no
doubt that the integration of various types of photocells inside of textile yarns was a
technically viable proposition for applications including energy harvesting and optical

sensing. Further, the development of a generdised theoretical model allows for the
creation of optimised E-yarn designs for other miniaturized opto -electronic devicesand

textile based optical sensing.
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5.1 Introduction

This chapter builds on the work demonstrated in Chapter 4by embedding solar cells
(SCs) within textile yarns, which is a critical step towards the development of a solar
energy harvesting textile. Due to the unavailability of sufficiently small SCs (small
enough to be embedded within a yarn), custom-made miniature SCs (MSC) were
prepared in collaboration with a photovoltaic cell manufacturer (Solar Capture
Technologies, UK), who laser cut standard size crystalline silicon SCs to the required
specifications. The photodiodes employed in the preliminary work had a small
photoactive footprint relative to the size of the device (device footprint = 2.5 mn¥,
photoactive area = 0.23 mmni,); in contrast, most part of the front face of the MSCs
employed in this work were photoactive. The MSCs also had a signifi cantly differ ent
solder-pad configuration to the surface mount device (SMD) photodiodes, with solder -
pads on both the front and back side of the MSC. Therefore, the soldering techniques
employed to solder PDs had to be modified to successfully create electical connections
between the solder pads andthe copper wires. Using SCs embedded in micro-pods with
different diameters, the mathematical model developed in Chapter 4 was further
validated. However, the micro -pod diameter was maintained at 1.6 mm for most of the
experimental work presented in the chapt er due to design and process boundary
conditions.

The majority of the work in this chapter presents the characterisation of solar-E-yarns
that contain a single embedded MSC. The characterisation included both the generation
of characteristic curves and the measurement of short-circuit current and open -circuit
voltage of solar-E-yarns. Characterisation was conducted at different stages of the solar
E-yarn fabrication process, when the solar-E-yarn was integrat ed within wov en fabrics,
and under different test conditions (different light intensities, different incident angles).
The chapter also investigated the effect of resin impregnation, introduced in Chapter 4
the use ofa bi-facial MSC concept to enhance tle power outpu t of the solar-E-yarns, and
the posdgbility of using braiding , instead of knit braiding, to create the fibrous sheath of

the solar-E-yarns.
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5.2 Preliminary tests using solar cells

5.2.1 Characterisation of maiden miniature solar cells

The current-voltage (IV) curves were generated using the baseine setting for the optical
test rig for two different sizes of MSC (1.5 x 1.5 mm and 3.2 x 3.0 mm); these IV curves
were used to derive corresponding power -voltage (PV) curves, short-circuit curren t (Isc),

and open-circuit voltage (V oc) as shown in Fig. 5.1.
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Figure 5.1¢ (a) Characteristic cwes, (b) shortircuit current and (c) opetircuit voltage
measurements for 1.5 x 1.5 mm and 3.2 x 3.0 mm solar cells. Measureoneloisted
using optical test rig at badae test conditions.

Theoretically, the short circuit current (I sc) of a solar cell should scale linearly with the
photoactive area of the device, however practically this may vary due to irregularities in
manufacturing process. Therefore, another test was conducted ® verify the linear

relationship between the photoactive area and the Isc using the 3.2 x 3mm MSCs;
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different photoactive areas were achieved by covering the front face of the MSCs using
masks made ofblack opaque tape.

The results showed (Fig. 5.2) thatlsc was linear with the photoactive area, which agrees
with theory (Chegaar et al., 2013). Importantly the 1.5 x 1.5 mm MSC data closely
agreed with the trend obtained by covering regions of the 3.2 x 3.0 mmMSC, proving
that any manufacturing discrepancie s introduced negligible difference for MSCs of this

size.
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Figure 5.2¢ Change in shottircuit current (Isc) with thephotoactive aredhe blue circles shi
the photo active area exposed on 3.2 x 3.0 mm solar cells by using black tape maska
triangle and orange diamond represent the fully eggdk5 x 1.5 mm and 3.2 x 3.0 mm ¢
cells respectively.

5.2.2 Effects of resin micro-pod

The 1.5 mm x 1.5 mm MSCs were embedded within resin micro-pods (RMP) with 1.6
mm, 2.7 mm, 3.2 mm and 4.8 mm outer diameters, with the MSC positioned at the
bottom of the RMP (the standard configuration). RMP embedded MSCs were evaluated
using the optical test rig (described in Chapter 3 pages81-85) under the full beam of the
optical test rig with and without optical f ilters; the results are shown in Fig 5.3. The
mathematical model developed in Chapter 4was applied to the different micro -pod

diameters to verify the validity of the model for MSCs.
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200
s L S Mathematical model
so | e i Full spectrum
= 125 F : 5 ; 304-785nm band
2100 _ L L 780nm Long pass
3 75 | !’ : ® 495nm Long pass
50 | % Z
25 F o
0 . . . ! ! ! !

1 15 2 25 3 35 4 45 5
Diameter (mm)

Figure 5.3 Change in shortircuit current (Isc) with the micrepod diameter for the 1.5 x
1.5 mm solar cells, tested under different spatputs using optical test rig. The first date
point (with black outline) of each data series shows the value foattlemsolar cell.

Figure 5.3 showed that the behaviour of the MSCs embedded within RMP s was similar
to the data collected for PDs (Chaper 4): Iscincreased with the diameter of the RMP, and
different light spectra only reduced the observed | sc, however did not change the
relationship between | and diameter. The mathematical model compared well to the

experimental data and was shown to have a mean absolute percentage error of 8.5%.

5.2.2.1 Implications of Fresnel reflection

The RMP introduced an intermediate material layer between the MSC and air that has a
different refractive index (RI) that significantly influence the amount of light reflected at
the MSC surface; unlike the PD scenario where the preexisting encapsulation had a
similar RI to the RI of the RMP material. In adapting the mathem atical model for MSCs,
the Fresnel reflection (FR) at the MSC surface, as given by Fresnel equi#on (Eqg. 5.1), was

considered.

Here n1 and nz are the refractive indices (RIs) of the materials on either side of the
material boundary (i.e. the MSC-RMP boundary) and —is the angle made by the incident
ray to the normal of the boundary surface. According to the Fresnel equation (Eq. 5.1),
the partial reflection ( Rr) increases with the difference between the Rls 1 and n2) of the

two materials on either sides of the boundary (Keating, 2002) For the MSC-RMP
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boundary the RIs of the materials on either side of the boundary were, 1.9 (RI for the SiN
anti-reflective coating of the MSC surface denoted by nc and 1.51 (Rl for the resin
material of the RMP denoted by nr) respectively. For the maiden MSC surface the RI at

the boundary was 1.9 (ncand 1 (RI for air denoted by na).

Experimental results showed an 18% increase in ¢c for MSC embedded inside of a 1.6
mm diameter RMP (as shown in Figure 5.3). In this case, the RMP diameter was only
~7% wider than the MSC, therefore the increase in kc could not be explained by the
lensing effect alone. Theoretical estimates calculated using the Fresnel equation (Eg. 5.1)
showed that the total light reflected at the resin -air interface and resin-MSC interface
when using a 1.6 mm diameter RMP (Fig. 5.4(b)) was ~7 %. In the case of the maiden

MSC (Fig. 5.4(a)) he estimated FR at the MSC surface was ~9.7 %.

a na=1 Incident b n-=1 Incident

| 4 -7
R.eflectlf)n at the: Reflection at
air-cell mterface: the air-resin

n=1.51 J 4 interface (Em)
E—l— s

Figure 5.4¢ Comparison of the effects of Fresnel reflection for the (a) nmaiditure
solar cell and (b) miniature solar cell embedded within 1.6 mm diameter resin rpocb
with a 1.5 mm wideniniature solar cell.

Based on this estimate it was clear that the reduction in FR at the MSC surface was the
main contributor for the enhancement of the | scafter encapsulation within the RMP. This
enhancement was especially evident for the MSC embedded within a 1.6 mm diameter
RMP, becaise the light enhancement due to lensing effect was the lowest for 1.6 mm
diameter RMP.

The theory suggested that to minimize the FR at an interface of two materials with
significantly different refractive indices ( na and n¢), a layer of a third material with an
intermediate RI could be employed. The RI of the RMP material (¢ that minimise FR

can be given as(Keshavarz Hedayati and Elbahri, 2016)
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Therefore, for the MSCs with SiN anti-reflective coatings the ideal RI of the RMP material
that minimize FR is ~1.38. In this respect one of the best candidate marti¢s for the RMP
would be Poly(1,1,1,3,3,3hexafluoroisopropyl methacrylate) that has excellent optical
clarity and RI close to 1.38 (Sigma-Aldrich, no date) . It should be noted that these
calculations assumed that all material surfaces were smooth, however in reality, this is

often not the case.

5.2.2.2 Significance of total internal reflection

At the MSC surface a fraction of the incident light received is reflected, as previously
explained using the Fresnel equation. This reflected fraction of light can be subjected to
total internal reflection (Tl R) at the micro-pod-air interface resulting in light being
trapped inside of the micro-pod (Fig. 5.5). This light trapping can contribute towards an

enhancement in Isc of the embedded MSC.

Ei
na=1
Ei \\\Erc
n=15 . (&
d)\I 0

Figure 5.5¢ lllustration of the occurrence of the total internal reflection of a ray of ligl
within a 1.6 mm micrepod embedded with a 1.5 mm wide solar cell.

The previously presented mathematical model assumed that the effects of TIR would be
negligible. While thi s is a valid assumption for a photodiode (since the photoactive
width was significantly smaller than the micro -pod diameter), the implications of TIR

on the total light flux received were reconsidered for an MSC,; this could be significant
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for scenarios where MSC width is similar to RMP diameter where internally reflected
light has a high probability of reaching the MSC surface.
The conditions for total internal reflection at the RMP -air interface are determined by the

relative refractive indices of the material interface as given in Eq 5.3.

At the critical angle:

3B — 5.3
For the micro-pod-air interface:
~cer P
OBl —
5 owp
3 T8N

Therefore, any ray reaching the RMP-air interface making angle beyond 1 @ ¥ to the
normal at the micro-pod surface will be subjected to TIR.

The magnitude of the TIR can be approximated by the sum of all of the rays reflected at
the MSC-RMP interface (E<) that make an angle between 41.43A T A td the RMP-air

boundary surface. The previous version of the mathematical model was extended to
capture the TIR for MSCs embedded within RMPs as given in Appendix 7. Based on the
extended mathematical model the influence of TIR for 1.5 mm x 1.5 mm MSCs,
embedded at within RMPs of different diameters were estimated, and it was found that

TIR caused less than 0.15 % of the total light directly received (k) by the MSC. This
estimation confirmed the validity of the a ssumption that TIR had a negligible effect on

Isc, even for scenarios where photocell widths are similar to micro -pod diameter.

5.3 Micro solar cell embedded yarns

5.3.1 Material selection and structure

The performance of the MSC was evaluated at different stages of the fabrication process.
The width of the MSCs to be used was a key consideration in achieving the optimum
balance between the Eyarn thickness and the power density of the resultant
photovol taic fabrics. A larger width for the MSC would be desirable to achieve higher
power densities but would result in thicker fabrics. Therefore, most of the p roceeding
work was limited to using micro -pods with a diameter of 1.6 mm to accommodate the

widest possible MSCs (1.5 mm wide) within ~2.0 mm diameter E-yarn (which was the
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smallest diameter achievable using the available knit-braiding machine). Initially, 1.5
mm x1.5 mm size MSCs were used for preparing the solar cell embedded Eyarns (solar-

E-yarns) and the first prototype of a solar cell embedded woven fabric.

Considering the need for creating the thinnest possible yarn using existing machinery
and available MSC sizes, specifications given in Table 5.1 were selected as the baseline

for creating solar-E-yarns.

Table 5.1- Specification for the solar-E-yarns prepared for evaluations and experiments.

Component/Parameter | Description

Cell size 1.5x1.5x0.2 mm (measured dimensions, width and length

1.54+0.04 x 1.55+0.03 mm)

Cu wire type 7 x50 um multi strand twisted Cu wire

Micro -pod geometry and | Cylindrical with a 1.6 mm diameter circular base and 2.5 -

size 3.0 mm length
Micro -pod resin type Dymax 9001EV3.5 acrylated urethane
Packing fibres Four texturized polyester packing yarns (yarn s with 48

filaments and a liner density of 167 dtex)

Knitted sheath 2.0 mm diameter warp knitted tube with six texturized
polyester yarns (yarns with 48 filaments and a liner

density of 167 dtex)

The crosssectional and isometric views of th e solar-E-yarn prepared according to above
specifications are schematically illustrated in Fig. 5.6 below. The key differences of the
solar-E-yarn structure in comparison to the PDEYs discussed in previous chapter are
evident in the illustrations (such as the use of two parallel running copper wires and

solder pads on both front and back sides of the solar cells).
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Figure 56¢ Schematic illustrations of (a) isometric and (b) cross sectional view of
cell embedded yarns.

An additional resin impregnation step was introduced to the normal E -yarn fabrication
process in preparing Solar-E-yarns. For this the Dymax 9001EV3.5 acrylated urethane
resin was used and fibres covering front side of the solar cells in the micro-pod regions
were selectively impregnated. The selective impregnation helped to minimize the

change in surface texture of the solar-E-yarn.

5.3.2 Evaluation of solar-E-yarns using 1.5 mm x1.5 mm solar cells

The solar-E-yarns were prepared according to the specifications detailed in Section 5.3.1
(above) and were evaluated at each stage of the Byarn fabrication process using the
optical test rig (using both methods; no optical filter and with optical filters). The

measurement of Iscand Voc at different stages of the fabrication process are given in Fig.

5.7.
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Figure 57 - Change inthe shat circuit current (Isc) and opercircuit voltage (\c) at
different stages inhie fabrication process for 1.5.5%6 mm solar cekémbeddegarns,
testedusing optical test rig full beam under different optical bands

The changes in kc confirmed the enhancement of light intensity at the photoactive
surface by the RMP, the shading effect of the fibrous sheath and the improvement in
light penetration due to the resin impregnation.

In comparison to the maiden MSC values, a 34 % increase inlsc was observed after
embedding the MSC inside of the RMP and a 26 % redwction in |sc was seen after
covering the RMP with a fibrous sheath (combination of packing fibres and knit braid).
The resin impregnation enhanced the Isc by ~16% compared to the maden MSC. As
observed in previous experiments using PDs, Isc changed significantly due to the
changes transpired during the E -yarn fabrication process, while in comparison there was
only a modest change in Voc. Therefore, these results were consistent withthe results

observed for PDEY discussed inChapter 4
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