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Abstract 

Copper nanowires (CuNWs) were synthesized using hydrothermal method and 

deposited onto flexible polymer substrates to make films acting as electrodes for 

organic solar cells (OSCs). Substrates used were polycarbonate (PC), polyethylene 

naphthalate (PEN), polyethersulfone (PES), and polyethylene terephthalate (PET). 

Aluminium and gallium doped ZnO nanoflakes (AZO and GZO-NFs) were coated onto 

CuNWs to act as a protective layer against oxidation. 

X-ray diffraction (XRD) confirmed formation of CuNWs, AZO and GZO-NFs. Scanning 

electron microscope (SEM) showed long and smooth CuNWs with average diameter 

of 112.82 ± 1.2 nm and length of over 50 μm. PET substrate showed ~88.64% light 

transmittance, while PC showed ~87.93%, PES (~85.78%) and PEN (~81.78%). Upon 

coating CuNWs, transmittance was slightly low indicating minimum influence on the 

electrodes’ light transmission. From atomic force microscopy (AFM) results, CuNWs 

on PEN substrate showed lower roughness value of ~46.35 nm. Tensile strength 

results showed that PET substrate would be the optimal choice due to better flexibility 

and mechanical strength. 
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Chapter 1. Introduction  

1.1 Overview 

The need for energy is a pressing matter in most parts of the world as previously used 

methods that relied on fossil fuels are being phased out and completely removed from 

the grid due to the impact they have on society and the environment. One of the 

alternative avenues that is currently being explored to resolve this is solar energy. In 

comparison to other renewable methods to obtain energy (hydro- and wind power), 

solar energy can be used in a range of situations and areas and is not reliant on a 

constant water source or strong wind source and thus can be comfortably used in both 

urban and rural areas. Over the years, various types of solar cells have been 

developed, such as; single-crystalline silicon solar cells (c-Si cells) [1], thin film silicon 

solar cells [2], dye-sensitized solar cells [3], quantum dot-sensitized solar cells [4], and 

perovskite solar cells (PSC) or organic solar cells (OSCs) [5] to list a few. 

With advanced electronics being rapidly developed the demand for handheld and 

portable electronics has increased which in turn requires further study to improve and 

aid in the development. Transparent flexible solar cells have since received more 

attention and focus, as several properties of such devices are favorable, such as its 

flexibility, portability, light weight, durability, and the usage it finds with curved surfaces 

[6]. This is in comparison to the standard solar cells, 90% of which are crystalline 

silicon solar cells [7], which are rigid, thicker, and heavier which results in the storage 

and transportation of such devices being more costly than the flexible devices. These 

devices which are flexible and lightweight also allows them to be utilized in other 

diverse situations where the rigid ones are simply not compatible (i.e., on backpacks 

or for flight and space applications). 

There are, however, draw backs to the transparent flexible solar cells. They do not yet 

have the same power conversion efficiency (PCE) as the rigid solar cells. Some 

flexible devices are costly to produce, have a short lifespan, and can be sensitive to 

the environmental impacts [8]. Not all of the various types of flexible solar cells share 

these drawbacks and it is thus important to decide which to focus on and then to 

attempt to improve them. Due to the abundance of the precursors required for OSCs 

and its relatively high PCE, OSCs are an ideal candidate to study and thus improve 
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flexible solar cells. There are five main aspects to OSCs that need to be examined 

and improved upon to better the device - the electron transport layer (ETL), the hole 

transport layer (HTL), the substrate used, the electrode, and the organic layer. Of 

these, the electrode and the substrate used have been lacking in further detailed 

research thus holding the devices back.  

The choice of material for the substrate of the solar cell is very important as the 

substrate is the part of the device that determines the flexibility of the entire device. 

The substrate also has an impact on the mechanical and environmental stability 

usually dictating what temperatures the solar cell can withstand and how permeable it 

is to oxygen and water [9]. This is due to the fact that both oxygen and water often 

result in serious degradation of performance for the solar cell, thus the substrate 

should be a barrier that prevents the penetration of oxygen and water. Another 

important property that certain substrates have is that they are transparent which can 

then be used to develop transparent solar cells which require excellent optical 

properties to be efficient and able to transmit light in the visible-light spectrum. The 

substates will also be exposed to various chemicals (gasses and solvents) during the 

fabrication of the solar cells and thus needs to be stable to these various chemicals. 

Furthermore, during the synthesis process the various other layers of the solar cell 

potentially require high temperatures to complete, thus ideally the substrate needs to 

be able to withstand these temperatures or the synthesis methods for the other layers 

need to be carefully considered and chosen. For this reason, it is important to carefully 

choose a suitable substrate that meets the above criteria and select a method to 

produce the rest of the solar cell which will not damage or harm the chosen substrate. 

For the bottom electrode the choice of material is again important, as it will impact the 

transparency and overall stability of the device. The conductivity (and sheet resistance) 

of the electrode also plays an important role for the device and impacts the figure of 

merit of the device. Currently one of the more widely used electrodes is indium tin 

oxide (ITO) due to their low resistance, high work function, and high transmittance [10]. 

However, ITOs have been found to be brittle and not ideal for flexible solar cells [11], 

unstable, and expensive to produce [12]. The electrode layer also has a further impact 

on the flexibility of the device. One of the more promising choices for the electrode is 

metal nanowires as they can be easily synthesized, have excellent flexibility, low sheet 

resistances, and high transparencies. A problem that metal-nanowires face is that they 
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are sensitive to oxygen and water, and certain synthesis processes can be quite 

expensive and thus needs to be reexamined and improved upon for future usage. 

Furthermore, the nanowires may not remain on the substrate after undergoing bending 

and/or stretching which degrades the performance of the solar cell. If metal nanowires 

are to be used, then a layer of protection needs to be placed over them that does not 

reduce the nanowires’ positive properties while also keeping them in place and 

protecting them against possible oxidation.  

 

1.2 Problem statement 

There are several critical issues which are associated with the chemical, thermal and 

mechanical stability of ITO. The rarity of indium and its high prices are additional 

factors that makes ITO undesirable in transparent flexible electrode applications. 

Again, ITO materials are brittle resulting in devices containing ITO to be unusable in 

situations where stretching, twisting, folding, or bending are required. Thus, there has 

been effort devoted to developing alternatives to ITO such as, metal films, Al-doped 

ZnO and conducting polymers. For the usage of transparent flexible electrodes in solar 

cells, it is important that both the substrate and the electrode layer are transparent, 

flexible, and can withstand certain amounts of stresses that might be applied to it in its 

everyday use on a device. As the substrate and bottom electrode material are on top 

of each other in solar cells and impact each other, studying both simultaneously will 

have more meaningful and impactful results in the long term. Thus, both will be 

examined in order to produce a transparent flexible perovskite based solar cell. 

Additionally, a protective layer for the nanowire layer as the electrode, is necessary 

and will need to have the same criteria as the substrate and nanowire films. 

 

1.3 Aim of the study 

To successfully prepare long and smooth CuNWs with no impurities as well as AZO 

and GZO-NFs onto polymer substrates and subsequently; (i) evaluate the structure, 

morphology, optical, surface and mechanical (tensile strength) properties for possible 

application in organic solar cells; (ii) compare the protective capabilities of the NF layer 

and (iii) analyse the effects of the various layers and their potential impact on future 

device performance. 
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1.4 Objectives of the study 

• Synthesis of thin, long, and smooth CuNWs via a hydrothermal route and 

successfully separate the CuNWs from any copper nanoparticles using a water-

hydrophobic system. 

• Synthesis of AZO and GZO-NFs via a wet-chemical route for the protection of 

the CuNWs 

• Deposition of the CuNWs and AZO/GZO-NFs layers onto different polymer 

substrates via drop-casting and spin-coating methods 

• Characterise the prepared thin films/electrodes to evaluate: 

o Crystallite size, morphology, surface roughness, transmittance and, 

bandgap energy 

o Yield strength, ultimate strength, strain hardening exponent, Young’s 

modulus and resilience  

 

1.5 Dissertation layout 

• Chapter 1: This chapter covered the introduction for the dissertation. 

• Chapter 2: This chapter covers the literature review of transparent flexible 

electrodes. It also covers the information regarding the types of substrates that 

have been used, the types of metal nanowires used and, the protective layer 

materials used over the metal nanowires layer. 

• Chapter 3: This chapter provides the theory behind the characterization and 

synthesis techniques used in this study. 

• Chapter 4: This chapter covers the hydrothermal synthesis of the CuNWs as 

well as various characterisation techniques used to analyse the prepared 

samples. 

• Chapter 5: This chapter covers the detailed mechanical properties of the 

prepared electrodes  

Chapter 6: This chapter covers the summary and conclusion of the study. 
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Chapter 2. Literature Review 

2.1 Transparent flexible electrodes 

Transparent flexible electrodes offer a unique and promising avenue for research 

owing to the large number of applications in devices such as solar cells [1, 2], touch 

screens [3], infrared detectors [4], and organic light emitting diodes [5]. Additionally, 

the flexibility of the electrode will allow it to be moulded and shaped into whatever 

shape or size its specific application will require; allowing for more widespread usage 

of such a device in different fields and applications. In the application of solar cells, the 

requirement of the electrode being transparent requires the trade-off and the usage of 

a wide bandgap. While a wide bandgap material cannot absorb energy using lower-

energy photons, a smaller bandgap can. However, energy absorbed from high-energy 

photons from the smaller bandgaps results in these photogenerated charges to lose 

most of the energy which is caused by the thermalization that takes place for the 

electrons to travel out of a material. Regardless of which bandgap is used a large 

portion of any potential solar energy is lost [6]. Additionally, energy loss as a result of 

series resistance can be reduced due to the higher voltage that can be reached with 

wide bandgap materials [7]. The usage of wide bandgaps also encourages the use 

and study of multijunction cells have the potential to be far more efficient than other 

commercially used solar cells. 

 

2.2 Substrates 

When considering an electrode, the substrate is an important aspect to think about  as 

it is one of the fundamental building blocks of the device. It is, therefore important to 

select a suitable substrate that will have minimal negative impacts while offering 

suitable protection. For that purpose, some of the more widely used materials will be 

briefly looked at and examined in this section. These are metal, ceramic, and polymer 

substrates. 

 

2.2.1 Metal substrates 

Thin metal foils have been found to be flexible due to the high ductility of metals 

allowing for the usage of these foils in flexible electrodes [8]. Of these, stainless-steel 
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foil is the most commonly used metal substrate due to its excellent thermal and 

chemical stability as well as its low cost. It has been used in flexible solar cells since 

the 1980’s [9]. Metal foils initially seem to be a promising candidate also due to their 

good electrical conductivity which results in a lower resistance as well as fast ion and 

electron transmission [10]. Due to the excellent thermal stability of the metal substrates, 

it allows them to be able to undergo higher processing temperatures allowing for 

various different deposition methods for later stages of the electrode synthesis process. 

The metal foils do however, present several drawbacks such as the reduced capability 

of the portability of any device that uses it. This is due to the higher density that metals 

possess resulting in an increase in weight for any device that utilizes one. Furthermore, 

while there has been progress made with optimising the transparency of metal foil 

substrates by reducing their thickness, which results in an increase of the resistivity of 

the film, any potential gain that had been made with using such a substrate is negated 

[11]. Stainless-steel, one of the more widely used metals in industries, has a 

reflectance in the range of 60-70% across the visible spectrum range and is thus not 

optically transparent which further supports the previous statement [12]. 

 

2.2.2 Ceramic substrates 

Glass is the most commonly used material for ceramic substrates. Glass substrates 

possess excellent thermal stability and resistance to chemical and environmental 

stability; preventing moisture from passing through it. With thinner films of glass the 

thermal stability decreases [13]. The transmittance of the glass is also excellent 

allowing visible light through and absorbing minimal wavelengths. Furthermore, the 

poor ductility of the glass results in a lowered flexibility which in turn results in a much 

smaller bending radius and reduced stretching capabilities [8]. However, using thin 

glass substrates (below 100 µm) the substrate can become flexible and has previously 

been used already in the fabrication of solar cells [14]. Though as previously stated, 

the reduction in thickness of the film reduces the working temperature which reduces 

any potential gain it would have made. 
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2.2.3 Polymer substrates 

Polymer substrates come with various qualities and characteristics that all depend on 

the type of polymer used. Generally, polymers possess excellent optical transmittance 

as well as flexibility which makes them attractive for transparent flexible electrodes. 

This superior flexibility comes from the Young’s modulus parameter of the material 

which describes material’s resistance to elastic deformation. Both ceramics and 

metals have a much higher Young’s modulus than polymers which allows polymers to 

be more easily stretched and bent [15]. When comparing the yield strength of materials, 

which is the stress at which permanent deformation occurs, stainless steel has a yield 

strength of 200 MPa [16] and PET polymer only a yield strength of 40 MPa [17], the 

PET has an elongation of 70% [18] while stainless steel has one of 33% [19] thus 

indicating that the polymer has better formability than the steel. 

These mechanical properties of the films can be studied by using a stress-strain curve 

(Figure 2.1) where various important properties of films and other materials can be 

tested. These properties include the Young’s Modulus, yield strength, strain hardening 

exponent, and the modulus of resilience. Knowing these key properties would allow 

for the interpretation of the strength a film would possess, the elasticity of the film, and 

how much of a load the film can withstand before becoming damaged. It is thus 

important to study these properties for any potential substrate as it dictates what the 

completed films can be used for. 

 

Figure 2. 1: Example illustration of a stress-strain graph [20] 
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Polymer substrates are also found to be more portable, having a smaller density 

resulting in them being light-weight as well as being low cost; allowing for relatively 

easy implementation in various applications [21]. The wide range of polymers also 

offers the potential for varied possible applications for the different types of polymer 

substrates. 

Despite the polymers excellent robustness, many have a low glass transition 

temperature resulting in them being unable to withstand high-temperature annealing 

processes that are usually required with metal oxide layers that are used in solar cells 

[22]. However, this can be worked around by only using these polymer substrates in 

devices that use low process temperatures such as organic solar cells which will allow 

the polymers and other substrates to be better utilised. The permeability of polymer 

substrates is also an issue as both oxygen and water could potentially be detrimental 

to the rest of the electrode and fabricated device [23]. This can be overcome however, 

by using a barrier layer on either side of the polymer substrate which would allow it to 

maintain its flexibility while now having better permeability.  

Due to their potential use, polymer substrates will be further examined in this study by 

comparing four different types of substrates and observing their properties. 

 

2.3 The electrode material 

The electrode is another aspect that needs to be carefully considered as it must not 

reduce the transmittance of the device too much but must also have excellent 

conductivity to allow it to operate more efficiently. Indium tin oxide (ITO) is one of the 

more commercially used transparent conducting electrodes due to its low sheet 

resistance and high transmittance [24]. However, ITO has certain properties that are 

less than desirable; such as its high toxicity [25], intrinsic brittleness [26], and its high 

cost due to minimal availability [27]. It is due to these reasons that alternative 

transparent conductors must be sought and developed to further improve and advance 

the field. 

Various alternatives have been studied thus far including carbon nanotubes [28–31], 

graphene [32–35], metal nanogrids [36–38], and conductive polymers such as 

PEDOT:PSS [39, 40]. While carbon-based transparent conducting electrodes (TCEs) 

have been investigated thanks to their durability, production at low cost, and solution 
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processability, there are drawbacks to their use due to their high sheet resistance at 

high transmittance which would be required in the use of flexible transparent solar 

cells [31, 41]. While PEDOT:PSS has been used as the hole transporting layer (HTL), 

it also has very poor sheet resistance as well as poor optical transmittance properties 

[40]. For metal meshes a specific structure design is needed which leads to a tedious 

manufacturing process which increases the production cost and development time [42]. 

The properties of most of these alternatives are shown in Figure 2.2. One of the more 

promising alternatives is metal nanowires due to their high conductivity and excellent 

optical transmittance. Metal nanowires have already been proven to be suitable and 

efficient materials to produce transparent flexible electrodes which are equivalent to 

ITO produced electrodes [43]. There are three metals which are potential candidates 

for this particular method namely: gold, silver, and copper, due to their high 

conductivity and low sheet resistance. However, due to gold’s exceptionally high 

market price compared to silver and copper, it is unsuitable for such uses as it would 

significantly increase the production cost of the solar cell. For that reason, only silver 

and copper have been considered and will be briefly examined here. 

 

Figure 2. 2: Comparison of various electrodes physical properties [15] 
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2.3.1 Silver nanowires 

Silver nanowires (AgNWs) have been extensively examined over the years as the 

bottom electrode for solar cells due to the excellent properties they possess such as 

its high electrical ( 6.3 × 107 𝑆𝑚−1), thermal (429 𝑊 𝑚−1𝐾−1) [44] conductivities, and 

low electric resistivity (1.59 × 10−8 Ωm) [45]. Recent developments with silver 

nanowires will be briefly looked at in this section. 

While the electrical resistance of silver is favourable, in order to make its 

implementation into solar cells as an electrode, the sheet resistance of the AgNWs 

layer needs to be as low as possible. Various post deposition methods have been 

examined in an attempt to improve this. Of the different methods used, thermal 

annealing is a relatively straightforward method to decrease the sheet resistance but 

has been reported to result in deformities at high temperatures which results in an 

increase of the sheet resistance [46]. To solve this problem, along with their poor 

adhesion to substrates that AgNWs tend to have, Yu et al. [47] used a hot lamination 

method in order to negate these drawbacks. This method is scalable, simple, and cost-

effective for large-scale production and has seen some success with the transfer of 

graphene [48, 49]. This method was also able to use a polycarbonate substrate 

despite the high temperature required for the hot lamination due to the process only 

taking 2 minutes at 2 × 105 Pa. This heated lamination process also improved the 

adhesion of the nanowires to the film as a consequence of the nanowires being 

partially embedded in the film. [50] . The final substrate also had a sheet resistance of 

12.5 Ω/sq which is even more superior to ITO. 

However, a major drawback to utilizing AgNWs is both the scarcity of the metal  [51]  

and the high cost of silver, which is currently at R11 095.82/kg as of writing this 

dissertation (16 November 2022), and due to the amount of silver that would be 

required for any form of mass production of solar panels the cost of the entire process 

is thus also increased. This makes the usage of such methods of harvesting energy 

unfeasible for most countries and places in the world that would most benefit from 

such forms of energy.  
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2.3.2 Copper nanowires 

Another alternative to silver nanowires is copper nanowires (CuNWs), although they 

have lower electrical (59.6 × 106 Sm-1) [52] and thermal conductivity (386 Wm-1K-1) [53] 

and also higher resistivity (1.67 × 10-8 Ωm) [54] the price of copper (at the time of 

writing this dissertation) is R144.14/kg (16 November 2022) which is almost 80 times 

less than the price of silver, making it much more feasible for implementation for 

energy harvesting.  

Various studies have synthesized CuNWs using different techniques with varying 

ratios of capping agents, copper salts, and temperatures which in turn have lead to 

different diameters for the CuNWs. This is important to control and maintain as not all 

diameters are ideal for the usage in flexible transparent conductors in solar cells. For 

this reason, it is important to study and to understand these factors which will in turn 

help to produce the ideal CuNWs. A study done by Huang et al. [55] looked into this 

to better find a way of successfully synthesizing high-quality CuNWs and to examine 

these factors. It was found that two different copper salts, CuCl2 and CuCl2.H2O, 

impacted the diameter of the CuNWs which doubled while using CuCl2.H2O while also 

remaining pure, indicating that high quality CuNWs with varying diameters can be 

made by altering the type of copper salt. These excess chemicals and Cl- are removed 

by washing with deionized water and ethanol. Furthermore, a study by Wang et al [56] 

found that the amount of time the hydrothermal process took impacted the final length 

of the CuNWs with longer CuNWs being observed with a longer hydrothermal process. 

These are both important to control throughout the synthesis process as the aspect 

ratio of the nanowires has been found to impact the electrical conductivity and 

transmittance. The nanowire films with higher aspect ratios achieve higher electrical 

conductivity and better transmittance [57]. However, nanowires that are too long are 

also undesirable as they have been observed to bundle together and not very well 

dispersed as films[58].  

There are various methods that have been used in the past to synthesize high quality 

CuNWs in order to better utilize them in electrodes. The first method that will briefly be 

examined in this section is the normal aqueous phase reduction which was first 

demonstrated in 2005 by Zeng et al. [59] when synthesizing CuNWs with hydrazine 

and ethylenediamine as the two key components. In this particular reaction sodium 

hydroxide prevents Cu2+ from forming Cu(OH)2 while the hydrazine reduces the Cu2+ 
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to Cu0 and produces CuNWs with the ethylenediamine ensuring the proper 

morphology is formed. This was done in under an hour and with a low temperature of 

under 50 oC. However, hydrazine is not ideal to be used due to its high toxicity it 

presents environmental and biological risks [60]. Furthermore, chronic toxicity and 

carcinogenicity has been observed in mice and rats exposed to the chemical [61]. 

Another method is the hydrothermal method which involves chemical reactions taking 

place in a sealed and heated environment, usually a stainless-steel autoclave sealed 

in an oven. During this process the temperature of the system is controlled in order to 

encourage the particle growth of the solution. The capping agent used in hydrothermal 

method dictates the size and shape of the formed nanoparticles with ODA being 

commonly used to ensure the formation of CuNWs. In a reaction that has CuCl2.H2O, 

ascorbic acid and, ODA, when the temperature of the reaction solution reaches 80 oC, 

the ODA reacts with hydrogen and releases ammonia. The CuCl2.H2O is then 

dissolved within the ammonia water and the products from this react with the ascorbic 

acid to form the copper atoms which in turn form the CuNWs [62]. This method is 

reliable and repeatable which is important for further developments within the field. 

An issue that all CuNWs synthesis methods have, is that unwanted nanoparticles are 

also formed in these methods as well as other by-products with the remaining 

reactants. These are usually produced due to the non-instantaneous nucleation which 

results in the growth of particles along multiple pathways which results in a decrease 

to the film transparency thanks to their strong light scattering properties [63]. While 

there have been several separation techniques reported to obtain pure nanowires, 

these reports mostly focus on AgNWs and AuNWs [64–67] and rarely on CuNWs 

which is the focus of this study. One of the more common methods is to centrifuge the 

CuNWs solution although this does not achieve a high purity of CuNWs [59]. Another 

suggested method, which has been previously used in protein separation, is cross-

flow separation by a hollow fiber membrane which separates the CuNWs and copper 

nanoparticles (CuNPs) [63]. As the membrane can only be reused a few times the high 

cost that is required in this process has prevented it from being more widely used. 

In a study done by Kang et al. [68] an efficient and minimal-toxicity separation method 

to obtain pure CuNWs synthesized in a hydrothermal method using ODA as a capping 

agent was developed. After the synthesis of the CuNWs (with some CuNPs 
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inadvertently produced as well) they were added to deionized water with excess ODA 

and then to a nonpolar organic solvent of n-hexane which was then vortexed for 10 

seconds. This solution was allowed to settle for 30 minutes and was observed that the 

water and n-hexane separated with the CuNW settling at the bottom of n-hexane and 

CuNPs settling at the bottom of the water (Figure 2.3 (a-b)). This was repeated for 

three cycles to completely purify the CuNWs. Testing with an XRD technique 

afterwards found that the process had indeed purified the CuNWs, furthermore, it was 

found that the CuNWs were still coated in an organic layer (the ODA) while the CuNPs 

had a minimal amount of the organic layer on the surface. The latter of these findings 

resulted in the proposal of a possible mechanism to explain these findings. Previous 

studies have found that the ODA molecule is amphiphilic which is a result of it having 

a long hydrophobic tail and a hydrophilic amino head [69, 70]. 

 

 

Figure 2. 3: (a) Illustration and (b) photographs of the CuNWs separation process [71] 
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During the synthesis process [68] the amino heads are absorbed into the surface of 

the copper nanostructures with the tails being exposed to the solution [72]. The copper 

nanostructures covered by the ODA are then inclined to stay in the n-hexane during 

the separation process due to the strong attraction between the hydrophobic tails and 

n-hexane molecules. Due to the weak absorption of the CuNPs to the organic 

materials, during the vortex stage the organic materials are removed from the CuNPs. 

When the n-hexane and water separate once more it is the force between the n-

hexane and the organic materials on the CuNWs that pull them into the n-hexane 

which is consistent with previous reports on similar separation processes [73]. The 

CuNPs, now lacking the organic materials, then settle at the bottom of the water and 

are not attracted to the n-hexane layer. To verify this, other hydrophobic organic 

solvents were used (toluene and dichloromethane) with both yielding similar results of 

separating the CuNWs and CuNPs. This demonstrates that it is not the difference of 

density of these nanostructures, but the molecule polarity of organics that results in 

the separation and purification of CuNWs. The transparency of the purified CuNWs 

was improved by around 3% while under the same resistance. Better understanding 

of the reasons behind the separation, opens future endeavors to purify CuNWs and 

make the process even more efficient. 

 

2.4 Copper nanowires protective layer 

A negative aspect that has held back the wider usage of CuNWs is  how easily they 

oxidize when they come into contact with oxygen and water. Despite this, coating the 

CuNWs could potentially prevent this from happening while also improving the 

attributes of the film (transmittance, flexibility, conductivity etc.). In this section, 

different protective methods will be briefly discussed. 

 

2.4.1 Metal coatings 

One method to prevent oxidation and provide the CuNWs with stability, is to coat them 

with another metal, creating a core-shell structure with the CuNWs being the core of 

the structure. Nickel (Ni) is one such metal that has been previously reported for this 

method. Rathmell et al. [74] completed a study using Ni as a protective shell for the 

CuNWs with the added Ni only resulting in a slight decrease in the films transmittance. 
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Films with a transmittance of 85-87% were treated in an oven at 85 °C and their sheet 

resistance was measured at regular intervals to observe the effects of oxidation. It took 

only 1 day for the bare CuNWs to increase and 5 to increase by an order of magnitude. 

For the Cu@Ni NWs, with only 10% nickel relative to the copper, was found to remain 

stable for 30 days only increasing by 10 Ω/sq and anything over 34% nickel had almost 

no change in the same period. However, this method required the use of hydrazine, 

which as stated before is an extremely toxic chemical. Similar methods have also been 

studied however, they also required the use of toxic chemicals making the reaction 

unsuitable [75, 76]. 

Other metals that have been used in the past to coat CuNWs have been silver and 

gold. Silver has shown promise with its lower electrical resistivity than that of copper 

[77] and have been found to create NWs with rough surfaces [78, 79] which could 

increase the light trapping capabilities if the electrode is used in a solar cell device [80]. 

Zhang et al. [81] examined utilizing silver as a protective shell for CuNWs via a facile 

adsorption and decomposition method while avoid galvanic replacement reactions. 

This shell managed to protect the CuNW from oxidation in system with a relative 

humidity of 85% as well as at high temperatures of up to 140 oC demonstrating its 

excellent stability. A schematic of this Cu@AgNW shell is given in Figure 2.4. 

 

Figure 2. 4: Schematic diagram of the formation of Cu@Ag core–shell nanowires. [81] 
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Niu et al. [82] investigated using gold despite its higher cost when compared to silver. 

It was observed that CuNWs needed to be coated in thick shells of metals in order to 

completely protect them from humid conditions which in turn deteriorates the optical 

performance of the device. It was suggested by Niu et al. that the imperfect coverage 

of the shells could play a critical role in this regard and that the issue could be 

addressed by using the epitaxial growth of an evenly produced shell of metal with only 

a few atomic layers on the CuNWs. This was done using the gold to produce a thin 

gold shell around the CuNWs that managed to protect the CuNWs as well as 

outperform the similarly coated CuNWs with silver. While offering new techniques, 

these methods are still unsuitable for any large-scale production due to the high cost 

of the metal coatings used. 

 

2.4.2 Metal oxide coatings 

Another type of protection that has been used to stabilize and improve CuNWs is the 

usage of metal oxides coating the nanowires or creating a shell around them. The first 

method that will be examined is titanium dioxide (TiO2) which is used in dye-sensitized 

solar cells and has been found to have excellent physicochemical properties as well 

as low toxicity and cost [83]. Several studies have been done in the past that managed 

to successfully coat the CuNWs with TiO2 [84–86] using different techniques, however 

all of the processes required annealing at high temperatures (<400oC) which is not 

ideal in the usage of flexible plastic substrates, for solar devices, which don’t have a 

high temperature threshold, and the fact that annealing at such high temperatures are 

not suitable for large-scale fabrication of flexible electrodes.  

Another type of oxide that has been studied and used to protect CuNWs from oxidation 

is zinc oxide (ZnO). With zinc being one of the more commonly used and found metals 

makes it ideal in the usage of a protective layer. A study done by Chen et al. [87] 

looked at using ZnO to protect from oxidation without degrading the performance of 

the films. This was done via electroplating the zinc onto the surface of the CuNWs and 

then oxidizing the metal coating to create a transparent ZnO shell. This ZnO shell was 

found to protect the CuNW in the short-term, but long-term tests yielded poor results 

with the resistivity of the film eventually reaching unsuitable levels. This could be 

potentially linked to the zinc vacancy defect sites that are formed with wet-chemically 
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prepared ZnO solutions which have also reportedly reduced the power conversion 

efficiency (PCE) of the films [88]. These vacancy sites can be filled with metal cation 

dopants, with aluminum ions being more widely used as they have smaller radii than 

Zn2+ ions [89].  

Aluminium-doped zinc oxide (AZO) has since been examined and has been found to 

offer protection to the CuNWs from oxidation. A study by Won et al. [90] developed a 

method to synthesize an AZO/CuNW/AZO film without annealing as it decomposes 

the organic residues which results in them forming into the metallic copper phase 

which is not ideal for flexible substrates. The films that were then fabricated had sheet 

resistances that remained nearly unchanged while stored for 5 months at room 

temperature. Also, while stored in an environment at 80 ℃ the sheet resistance only 

doubled (while still being usable) after 166 hours of storage while a bare CuNW 

became unusable after 8 hours in the same conditions. The flexibility of the device 

was also tested and the sheet resistance was found to be nearly constant after 1280 

bending cycles which is attributed to the CuNWs being embedded between the AZO 

films keeping the structure secure. Not only does the AZO layer then protect the 

CuNWs from oxidation, but it also drastically improves the adhesion to the film which 

is an issue with nanowire films. Similar studies with AZO as a protective layer yielded 

similar results with an improved protection for the CuNW against oxidation while also 

improving the adhesion to the film [91, 92].  

With AZO, the bandgaps of the AZO layers can also be adjusted by varying the 

composition of Zn/Al. By doing this and layering the different AZO layers on top of one 

another it is possible to improve the electron extraction of the material by creating a 

favorable band alignment between the electron transport layer (ETL) and the electrode 

[93]. 

 

2.4.3 Graphene Material 

Another method of coating and protecting CuNWs is by using graphene in various 

forms. Graphene is an atomically thin layer of carbon atoms (sp2-bonded) which are 

arranged in a lattice structure with honeycomb shapes, which have various unique 

properties such as mechanical flexibility, high electrical conductivity, chemical stability, 

and excellent optical transparency, which are ideal properties for optoelectronic 
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applications [32, 35, 94]. It is for these reasons that graphene has been used in thin 

transparent conductive electrodes.  

By depositing reduced graphene oxide (r-GO) films onto the CuNW film via dry transfer 

method [95], hybrid films are produced where the resistance is improved from bare 

CuNWs and r-GO film due to the nanowires connecting the r-GO platelets together 

while the r-GO platelets also help to fill in any gaps between the unconnected CuNWs 

as well improving the conductivity of the film. A drawback to this procedure was that 

the hybrid films were produced in a complicated way with multiple steps which is 

unideal for future scalable production which is the case with many graphene depositing 

processes. 

A study done by Zhang et al. [96] utilized a solvothermal method that was done by 

only using a single step (called one-pot) for high performance flexible electrodes to 

produce r-GO CuNW which did not require any excessively high temperatures for the 

process and made the synthesis protocol simpler compared to the previous studies. It 

was again found that the CuNW helped to connect r-GO ‘islands’, improving the overall 

connectivity of the electrode. This however, resulted in the CuNWs not being 

completely covered by the r-GO layer which is unideal as the exposed parts of the 

CuNWs would be able to oxidate and negatively impact the rest of the film.  

While coating with graphene offers potential new aspects that can be explored and 

better utilized, the cost of the synthesis of the films prevents any large-scale 

productions from happening as well as the reduced transmittance films with graphene 

(lower than 85% which is usually not ideal for transparent solar cells).  

Of these protective methods that have been examined, using doped ZnO offers the 

best choice in terms of protecting the CuNWs, improving its attributes, and reducing 

any potential negative impact on the completed device.  

 

2.5 Flexible organic solar cell device 

Organic solar cells (OSCs) are an attractive alternative to current more rigid solar cells 

due to their relatively lower cost, light weight, flexibility, and with the possibility to 

surpass other solar cells PCEs [97–99]. OSCs utilize an organic semiconductor as the 
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photoactive layer to generate electricity from sunlight from a simple cathode/anode 

configuration similar to other devices.  

The potential at fabricating a flexible OSC has many advantages which would allow 

such a cell to be applied to portable and wearable devices allowing them to generate 

power throughout the day with their normal usage. Compared to the more common 

rigid solar cells, the flexible OSCs have the potential to be more widely used in this 

regard. Figure 2.5 demonstrates some of these potential uses. In order to achieve this 

the bottom electrode with a flexible substrate is required to successfully develop and 

manufacture such a device. 

Over recent years there have been a handful of studies that have examined such 

flexible transparent electrodes. Such a study was done by Kaltenbrunner et al. [100] 

where an ultrathin PET substrate of 1.4 µm was used in a perovskite-based solar cell. 

The final solar cell showed excellent stability maintaining a power output with a PCE 

of 12% on the polymer based substrate. Another study by Kang et al. [101] also utilized 

a polymer-based substrate though focused on PEN foil instead along with a AgNW 

transparent electrode. A reason for the choice of PEN is that it has a high-temperature 

tolerance of up to 155 OC with a relatively low thermal expansion coefficient. This 

results in any thermal expansion mismatch between the layers and the polymer 

substrate being minimized [102]. The final solar cell achieved a PCE of 12.85% with 

the cells maintaining 80% of their initial PCE after 1000 bending cycles which shows 

excellent stability. 
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Figure 2. 5: Possible application of a flexible solar cell as a) textile (eg. Sail for a boat), 

b) power source for other wearable electronics, c) self-powered electronics for 

monitoring health, and d) light-weight wearable power supply for backpacks [103]. 
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Chapter 3. Characterization Techniques and 

Synthesis Methods 

3.1 Introduction 

This chapter covers various characterization techniques that are used to analyse the 

synthesized electrodes as well as the synthesis methods used to prepare them. These 

techniques will allow exploration of the properties of the electrodes such as the 

structure, morphology, optical transmittance, optical absorbance, surface roughness, 

thickness and, the tensile strength of the electrodes. These are studied using X-ray 

diffractometer (XRD, Rigaku Smartlab), High Resolution Scanning Electron 

Microscopy coupled with an Energy-Dispersive X-ray Spectroscopy (HRSEM, JEOL 

JSM-7800F thermal field), Perkin Elmer Lambda 650 S UV/VIS Spectrophotometer, 

WITec alpha300 A AFM microscope and, a Deben Tensile 200N microtest. 

3.2 Characterisation techniques  

3.2.1 X-ray Diffractometer (XRD) 

X-ray diffraction (XRD) is a non-destructive powerful analysis tool that is used to 

characterize the crystalline phases in thin films and thus identify the materials based 

on the diffraction pattern that emerges. It can also yield potential information with 

regards to internal stresses and potential defects within the structure [1]. It generally 

works by irradiating the sample with an incident X-rays (θi) and then measuring the 

deflected X-rays (θf) and finding an intensity maximum for a given lattice plane spacing 

dhkl when the relationship between these two rays is an internal number of wavelengths 

as shown by equation 3.1: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin (
𝜃𝑖 + 𝜃𝑓

2
)  (3.1) 

which is the Bragg equation [2]. An illustration of this process can be found in Figure 

3.1. 

In order to analyse the results from the XRD, the diffraction pattern (which consists of 

the 2θ angles and relative intensities) is compared with standard line patterns available 

from previous research done and logged with the Rigaku PDXL XRD analysis software 

database [3]. If the sample is not in the database, by using the three most intense 

peaks from the given pattern, the crystalline phase can still be found and studied that 

way. 
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Figure 3. 1: X-ray diffraction illustration [4] 

 

3.2.2 Scanning electron microscope (SEM) 

SEM allows the insight of surface topography, and if attached with an energy-

dispersive X-ray detector (EDS) it can also be used to analyse the local elemental 

compositions in the sample [5]. The principle behind the SEM is to focus a beam of 

electrons onto a spot on the sample which interacts with it. This interaction generates 

signals which reflect the local properties of the sample. Moving along the sample from 

point to point the signal intensity is picked up and used to map respective pixels of an 

image. This way an image of the sample is formed [6]. An advantage of this technique 

is that the samples surface is not impacted by the usage of the SEM and thus gives a 

true account of the surface of the obtained sample. The illustration in Figure 3.2 

showcases the components of what SEM is made up of. 
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Figure 3. 2: Scanning Electron Microscope illustration [7] 

 

3.2.3 Ultraviolet-visible spectroscopy (UV-Vis) 

UV-Vis spectroscopy is a technique which is used to analyse and investigate the 

various optical properties of samples such as the transmittance, reflectance and, 

absorbance. UV-Vis spectrometers use a light source which is usually across the 

ultraviolet to the visible wavelength range (190-900 nm). The instrument then 

measures the amount of light that passes through the sample and can detect how 

much light has been transmitted, absorbed and reflected by the sample. Furthermore, 

by studying the absorbance of the sample the bandgap energy of the material can be 

found. The bandgap energy can be defined as the energy difference between the 

lowest unoccupied molecular orbital and the highest occupied molecular orbital. This 

occurs when a photon strikes a molecule and is absorbed, resulting in the molecule 

being promoted into a higher energetic state [8]. The illustration of how the process is 

completed is shown in Figure 3.3. 
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Figure 3. 3:  UV-Vis-NIR measurements illustration [9] 

 

3.2.4 Atomic Force Microscopy (AFM) 

AFM measurements are typically used in order to study the thickness and surface 

roughness of a material which impacts the various properties of the proposed sample. 

These measurements are done by using the force between the tip and the surface to 

generate an image. Typically, a laser beam is reflected off the top of a cantilever (which 

carries the tip) and as the tip moves up and down along the surface of the sample this 

reflected laser beam allows for the analysis of the surface of the structure; observing 

the roughness of it [10]. AFM measurements are usually completed using either 

contact or non-contact modes. With contact modes the tip is in contact with the surface 

of the sample which puts both the tip and the sample at risk of being damaged while 

giving the more accurate reading of the surface. While non-contact modes generally 

do not impact the sample or pose too high a risk of damaging the tip. An illustration of 

the schematic of AFM is shown in Figure 3.4. 
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Figure 3. 4: AFM illustration [11] 

 

3.2.5 Tensile strength test 

Testing the tensile strength of any potential film is an important aspect to study in order 

to understand how viable a film will be in a practical setting. A tensile strength test 

involves placing a sample of film, with known length and thickness, between two jaws 

of a tensile tester. The jaws are then slowly pulled apart at a fixed rate [12] applying a 

force to the sample which is recorded. This is done either until the film fails and breaks 

or until the tensile tester reaches its maximum elongation length. From there the data 

obtained reflects the applied force at any given time as well as the amount the film that 

had been stretched, at that point. This can be used to determine the stress and strain 

of the sample and thus find other properties of the sample such as the yield strength, 

ultimate strength and, the Young’s modulus to list a few [13]. Figure 3.5 illustrates the 

process used to obtain these parameters. 
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Figure 3. 5: Tensile tester with sample illustration [14] 
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3.3 Synthesis and depositing methods used in this study 

3.3.1 Hydrothermal method 

The hydrothermal method utilizes hydrolysis reactions at high temperatures within a 

sealed autoclave. Through this method the nanostructures of the synthesized products 

are more easily controlled by properly choosing the required reaction time, 

temperature, or the solvent used for the reaction without much other synthesis 

deviations or additional steps [15]. Thus, by controlling the precursors as well as the 

time the autoclave remained in the oven for the reaction, the length and thickness of 

the synthesized nanowires can be easily controlled for their fabrication purpose. After 

the synthesis process the final products have to be washed to remove any unwanted 

by-products (such as Cl-) and excess chemicals that might not have completely 

reacted within the autoclave [16].  The flowchart in Figure 3.6 illustrates the procedure 

used for the hydrothermal method, and Figure 3.7 shows how the CuNWs are formed 

with the capping agent within the autoclave. 

 

Figure 3. 6: Illustration of hydrothermal method steps. 
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Figure 3. 7: Illustration of CuNW synthesis [17] 

3.3.2 Solution method 

Of the various fabrication methods (including atomic layer deposition, chemical vapour 

deposition, and magneton sputtering) the solution-processing method is the simplest 

to carry out. Additionally, it also has some advantages for thin film fabrication including 

its minimal power and material consumption resulting in the methods being much 

cheaper to synthesize [18], and being able to mix compositions at a molecular level 

[19]. Generally, the process involves the preparation of metal precursors that are 

dissolved in solvents with heat to encourage the growth before washing the solution 

to remove any impurities. 
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3.3.3 Materials used 

For the purposes of the experiments performed in this study, the following materials 

were used for AZO/GZO-NFs: zinc acetate (99.99% trace metals basis), sodium 

hydroxide (≥98% reagent grade pellets), aluminium nitrate nonahydrate (ACS reagent 

≥ 98%), gallium(III) nitrate hydrate (crystalline 99.9% trace metal basis). The following 

materials were also used for CuNWs: copper(II) chloride (99.999% trace metal basis), 

L-Ascorbic acid (ACS reagent ≥  99%), octadecylamine (≥  99.0% GC), n-hexane 

(≥ 98% GC) and, isopropanol (anhydrous 99.5%). 

3.3.4 Spin-coating method 

The spin-coating is the method which is used to apply a uniformly spread thin film onto 

a flat substrate. Usually, the process involves depositing a small amount of liquid 

solution onto the centre of a spinning film at high speeds[20]. The centrifugal force will 

result in the solution spreading off the edge of the substrate while leaving a thin film of 

the solution behind on the surface. The final thickness of the thin film will depend on 

various factors of the procedure including the viscosity of the solution, percent solids, 

as well as the final spinning speed [21]. One ideal aspect of the spin-coating method 

is repeatability. By using the same conditions and the same thickness of sample 

reliability can be obtained from the process. Figure 3.8 illustrates the spin-coating 

method.      

 

 

         

      

 

 

 

 

 

Figure 3. 8: Illustration of spin-coating method [22] 
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Chapter 4. Hydrothermal synthesis of CuNWs, 

AZO, and GZO-NFs: Evaluation of potential 

properties for usage as the bottom electrode 

organic solar cells   
 

4.1 Introduction  

In this chapter the production of bottom electrodes for solar cells utilising metal 

nanowires as the main focus of the device is explored. CuNWs are a viable option to 

be utilized as a bottom transparent electrode due to its properties which include its 

excellent metal conductivity [1], low production cost, and flexibility [2]. Beside these 

ideal properties the nanowires might have, there are still undesirable properties that 

hinder its usage in many electronic systems. These issues include how easily copper 

can be oxidized [3] and its poor adhesion to most substrates [4]. These issues have 

to be addressed in order to increase the viability of CuNWs being used more widely. 

Over the years various methods have been attempted to better protect the CuNWs 

and address the other issues around them (such as the poor adhesion). Some of these 

methods have included metal coatings (such as nickel [5, 6], silver [7–9]), metal oxides 

(such as TiO2 [10, 11], ZnO [12, 13], AZO [14, 15]), and graphene [16–18]. Not all of 

these methods are ideal though as some methods require expensive techniques to 

synthesize the films or the materials required are expensive and make the films an 

unattractive concept to attempt to mass produce as the costs of the materials outweigh 

the potential returns. From these techniques metal oxides (with focus on ZnO and AZO) 

have demonstrated favourable results in solar cell devices obtaining higher PCEs 

compared to the other options and will be further examined here. 

The synthesis method of the CuNWs also needs to be carefully chosen as the method 

influences the size and shape of the products. There are three main different types of 

synthesis methods which include vapor-phase synthesis [19, 20], templated synthesis 

[21, 22], and solution-phase synthesis [23, 24]. For various past studies solution-phase 

synthesis, namely using the hydrothermal method, has been the favoured synthesis 

method of CuNWs. This is due to the solution-phase synthesis having many 

advantages over the other types of synthesis such as low cost, easy scalability, and 
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relatively low synthesis temperature methods [25]. This method also allows for various 

substrates (organic or inorganic) as well as solutions (aqueous or organic) to be used 

in the depositing and growth processes [26, 27]. It is for these reasons that the 

hydrothermal method is an ideal method to follow. 

This chapter reports on the synthesis of the CuNWs using the hydrothermal method 

as well as the protective layers of AZO-NFs and GZO-NFs. The properties and 

characteristics of the various synthesized samples will be examined in order to confirm 

the successful synthesis as well as their properties to be used in a solar cell device. 

4.2. Experimental section  

4.2.1 Synthesis of copper nanowires 

The hydrothermal method was used in the synthesis of CuNWs. Initially 0.0607g 

copper chloride (5.65 mmol/l) and 0.0394g ascorbic acid (2.8 mmol/l) were stirred 

together with 40 ml of deionized water until the solution was completely dissolved. 

CuCl2 was used over other metal salts due to the ease at which the Cl- controls the 

growth of the CuNWs [28]. Then 0.5713g of ODA (26.5 mmol/l) was also stirred in 40 

ml of deionized water until it was completely dissolved. The two mixtures were then 

added into a larger beaker which was followed by the solution being magnetically 

stirred together for 1 hour until the final mixture was a blue emulsion (Figure 4.1(a)) 

which was then placed into an autoclave and then in an oven heated at 120℃ for 20 

hours.  

During the synthesis process unwanted by-products also formed (copper 

nanoparticles and nanocubes) which may pose the risk of reducing the transmittance 

and potential efficiency of the solar cell and need to be removed along with any 

reactants that might not have been completely used up. For the cleaning of CuNWs 

solution it was first mixed with 80 ml deionized water and centrifuged at 2500 rpm for 

five minutes to remove any excess ODA, Cl-, and other chemicals in the solution. 

Thereafter, the solution was mixed with an equal amount of n-hexane and deionized 

water to separate the CuNWs from the CuNPs that also would have formed in this 

reaction which was done before by Pradel et al. [29] which can be seen in Figure 4.1(b). 

This step was repeated five times before the final product was placed in isopropanol 

to prevent any oxidation of the CuNWs during the storage period. 
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Figure 4. 1: (a) Final Blue emulsion mixture for CuNWs synthesis and (b) hydrophobic 

separation process of CuNWs 

4.2.2 Synthesis of aluminium- and gallium-doped zinc oxide nanoflakes 

For the synthesis of AZO, 2g of zinc acetate was added into 10.9 ml of deionized water 

until it was completely dissolved. While the initial solution mixed, 0.436g of NaOH 

pellets were first crushed with a mortar and pestle to make them dissolve quicker 

before being mixed with 10.9 ml of deionized water and stirred until they were 

completely dissolved. This solution was then added dropwise into the zinc acetate 

solution very slowly to prevent a white precipitate from rapidly forming. Thereafter, 

0.08345 g (2 mol%) of Al(NO3)3
.9H2O was stirred with 5 ml of deionized water and 

then added to the solution dropwise once more. The solution was then left to stir at 

850 rpm for 4 hours. For the entire procedure the solutions were kept at 65 oC on a 

hot plate to encourage the growth of the nanoflakes. Once the process was complete 

the final solution was cleaned via centrifugation at 5000 rpm for 2 minutes which 

resulted in the AZO-NFs to gather at the bottom of the holder. The water along with 

unwanted chemicals were removed with a pipette, thereafter ethanol was added and 

the centrifugation process was repeated three more times to ensure the AZO NFs 

were cleaned. 

Similar steps were followed for the synthesis of GZO, however instead of 

Al(NO3)3
.9H2O, 0.0609 g (2 mol%) of Ga(NO3)3

.H2O was used.  

 

a b 
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4.2.3 Deposition of CuNWs films 

The CuNWs were deposited onto the films via drop casting-method onto the polymer 

substrates (PET, PC, PES and PEN), which yielded a fairly equal distribution of the 

nanowires. For the nanowires, coating with AZO and GZO the spin-coating technique 

was used, and the solutions were spin-coated over the nanowires at 2000 rpm once. 

Figure 4.2 shows the deposited layers on a polycarbonate film to illustrate how they 

appear after coating. 

 

Figure 4. 2: a) Bare PC, b) PC/CuNW, c) PC/CuNW/AZO-NFs and d) 

PC/CuNW/GZO-NFs 

 

4.2.4 Characterisation of films 

Using a JEOL JSM-7800F field emission scanning electron microscopy (SEM) which 

is coupled with an Oxford Aztec 350 X-Max80 electron dispersive spectroscopy (EDS), 

the morphology and chemical composition were observed while being kept under 

vacuum pressure of 9 x 10-5 Pa for the measurements. This was followed by using a 

Rigaku smartLab X-ray diffractometer (Cu Kα, 45kV and 200 mA) to determine the 

crystallite size and phase of the prepared films. Perkin Elmer Lambda 650 S UV/VIS 

Spectrophotometer was used to obtain the optical transmittance as well as the optical 

absorbance of the films. Atomic force microscopy (AFM) using WITec alpha300 A AFM 

microscope measurements were taken to determine the roughness and height of the 

various layers of the films.  

a 

 

d c b 
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4.3. Results and discussion  

4.3.1 XRD analysis 

Figures 4.3– 4.6 presents the XRD pattern of the synthesized CuNW, AZO-NFs and, 

GZO-NFs deposited onto the various substrates (PC, PEN, PES and PET). The broad 

and intense diffraction peaks in the films 18o-25o (for PC Figure 4.3), 24o-28o (for PEN 

Figure 4.4), 13o-24o (for PES Figure 4.5) and, 22o-28o (for PET figure 4.6) are linked 

to their respective polymer substrates. These polymer substrates were confirmed 

using PDXL software containing standard database corresponding to the following 

card numbers: for PC 00-060-1506, PEN 00-061-1411, PES 00-066-1658 and, PET 

00-061-1413. For the CuNWs pattern, diffraction peaks at 2θ = 43.36o and 50.64o 

which corresponds to the (111) and (200) lattice planes of copper face-centered cubic 

structures with a preferred orientation of (111) which was confirmed with the reference 

card number: 03-065-9026 from PDXL. This is an important aspect to note as it 

signifies that pure CuNWs had been formed since no peaks for either copper oxide or 

copper nanocubes had been detected. This confirmed the successful synthesis as any 

of these impurities would impact the electrode negatively, reducing the conductivity 

and making them unusable as electrodes [12]. These are most noticeable from the 

NWs deposited on the PC and PES substrates. Although the peaks can still be found 

in the PEN and PET substrates when zoomed in due to their low intensity compared 

to the substrate used, this is a result of the layer of CuNW being far thinner than the 

substrate layer thus the intensity from the CuNWs is reduced. For both AZO-NFs and 

GZO-NFs, the XRD patterns did not yield the expected results compared to previous 

XRD studies on AZO- and GZO-NFs from the literature. However, this could be due 

to interference from the substrates broad and intense peaks that were observed in the 

patterns. Regardless of this, cubic structures with a preferred orientation of (202) plane 

were observed.  

Using the Debye-Scherrer’s formula (equation 4.1) [30] the crystallite size of the 

prepared CuNWs, AZO and GZO-NFs were determined:  

𝐷 =
𝑘𝜆

𝛽 cos 𝜃
   (4.1) 

where D is the crystallite size, k is a dimensionless constant which has been taken to 

be 0.94, λ is the wavelength of X-ray radiation (1.5406 Å) for CuKα, β is the full width 
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at half maximum for the main peak (converting the degrees to radians), and θ is the 

angle of diffraction. Using equation 4.1, the crystallite size for the CuNWs of the most 

prominent peak (111) at 43.36o was found to be ~24.51 nm. This is an important aspect 

to note as it is linked to the strength of the copper nanowires, as a decrease in the 

crystallite size can result in a decrease in the strength of the nanowires [31]. It has 

also been observed that an increase in the crystallite size results in a decrease in the 

strain value which impacts the strength of the nanowires [32]. For the AZO-NFs and 

GZO-NFs the crystallite size was found to be ~11.08 nm and ~10.19 nm, respectively. 

The smaller crystallite size of the GZO-NFs indicates that it might have a lower 

structural strength than the AZO-NFs which will be discussed further, later in chapter 

5, with the tensile test. Table 4.1 summarizes the results of the crystallite size results 

and used values to obtain it. 

Table 4. 1: XRD sample details with regards to FWHM, plane orientation and, 

crystalline size  

Sample FWHM (deg) Lattice Plane D (nm) 

CuNW 0.3487 (111) 24.51 

AZO-NFs 0.7603 (202) 11.08 

GZO-NFs 0.7921 (202) 10.19 
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Figure 4. 3: XRD pattern of the CuNW, AZO-NFs and, GZO-NFs on PC substrate 
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Figure 4. 4: XRD pattern of the CuNWs, AZO-NFs and, GZO-NFs on PEN substrate 
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Figure 4. 5: XRD pattern of the CuNWs, AZO-NFs and, GZO-NFs on PES substrate 
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Figure 4. 6: XRD pattern of the CuNWs, AZO-NFs and, GZO-NFs on PET substrate 
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4.3.2 SEM and EDS analysis 

Figures 4.7 – 4.10 present the SEM images for the CuNWs, AZO-NFs, and GZO-NFs 

respectively. As can be observed from Figures 4.7 to 4.10, multiple, long, and smooth 

CuNWs were successfully synthesized and that the final cleaning steps were able to 

remove the majority of the unwanted copper nanoparticles. This is a necessary 

requirement in order to achieve both a high electrical conductivity and suitable 

transmittance for the bottom electrodes. The average diameter of the CuNWs was 

found from images to be 112.82 ± 1.2 nm which was found from the Gaussian 

distribution in Figure 4.11 with an ultra-long length of over 50 μm. This is an excellent 

result as other studies have found that larger aspect ratios result in lower sheet 

resistance in electrodes [33]. Smooth CuNWs are also important for the electrode as 

smoother CuNWs have a reduced light scattering effect which is an important 

parameter to have for thin films designed to be used in solar cells as that directly 

impacts the transmittance of the films[34].  

The SEM images for AZO and GZO-NFs were also recorded. The NFs can be 

observed to be well layered on top of one another and this uniform spread of the NFs 

will be beneficial for the protection of CuNWs against potential oxidation. This spread 

of nanoflakes can also be observed to be layered on top of one another. This layering 

effect has been observed in other nanoflake materials to improve the tensile strength 

of the films. The increased surface areas in contact with one another of the flakes 

compared to particles results in more friction between the layers thus improving the 

tensile strength of the film [35, 36].  

The SEM images for the GZO-NFs appeared similar to that of the AZO NFs and would 

potentially share similar properties with regards to protection of the CuNWs as well as 

the tensile strength. 

Despite the promising potential properties, the NFs layers possess, it can be observed 

in the images that neither the AZO-NFs or the GZO-NFs completely covered the 

deposited CuNWs. This can be remedied by either additional spin-coating steps, which 

will result in a thicker layer of the NFs thereby posing a risk of reducing transmittance 

and impacting the conductivity of the film, or by optimizing the spin-coating step to 

result in a more even distributed layer of NFs. 
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It can also be observed that in the PEN and PES samples the AZO-NFs and GZO-

NFs were less uniformly spread out compared to the samples using PET and PC. This 

is most likely due to the different surfaces that the substrates have, indicating that for 

the particular sample PET and PC are better suited to be deposited on. This, however, 

can be remedied by changing the depositing parameters on the PES and PEN 

substrates to allow for a more uniform spread and can be done either by optimizing 

the spin coating method by altering the speeds and amount of solution dropped onto 

the substrate. 

The EDS spectrum (Figures 4.12 a-e) of each of the samples were also recorded, 

confirming the elemental composition of the samples. The elemental mapping (Figure 

4.12(a)) of the CuNWs indicates that the copper nanowires had been formed with no 

other trace metals detected. The unexpected chlorine from the mapping was linked to 

the precursor used in the synthesis of the nanowires (CuCl2) and had potentially not 

been entirely washed away during the cleaning process. While having no immediate 

impact on the electrode the Cl- could potentially impact any additional layers placed 

the electrode. The oxygen on the wires is also potentially linked to the oxidation of the 

CuNWs, which as previously mentioned, the CuNWs are especially susceptible to 

which has a negative impact on the conductivity of the electrode. 

The elemental mapping (Figure 4.12(b)) of the AZO-NFs clearly shows that the AZO-

NFs were composed of the aluminium (Al), zinc (Zn) and oxygen (O) elements. This 

is an indication that the synthesis process was a success, and that the aluminium was 

successfully doped into zinc oxide. However, for the GZO-NFs (Figure 4.12(c)), only 

zinc and oxygen were detected. This however, could be explained by the broad peak 

of the zinc with an energy position of 1.012 keV which is very close to the expected 

gallium peak of 1.098 keV. Also due to there being only a small amount of gallium in 

the sample (2 mol%) it could potentially not be completely detected during the 

elemental mapping. Inoperable  
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Figure 4. 7: SEM images of (a-b) CuNWs, (c) AZO-NFs/CuNWs, (d) GZO-

NFs/CuNWs and, (e) elemental mapping of the AZO-NFs/CuNWs deposited on PC 

substrate. 

a b 

c d 

e 



54 
 

   

   

Figure 4. 8: SEM images of (a-b) CuNWs, (c) AZO-NFs/CuNWs and (d) GZO-

NFs/CuNWs deposited on PEN substrate. 

 

 

 

 

 

 

 

a b 

c d 
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Figure 4. 9: SEM images of (a-b) CuNWs, (c) AZO-NFs/CuNWs and (d) GZO-

NFs/CuNWs deposited on PES substrate. 

 

 

 

 

 

 

 

 

a b 

c d 
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Figure 4. 10: SEM images of (a-b) CuNWs, (c) AZO-NFs/CuNWs and (d) GZO-

NFs/CuNWs deposited on PET substrate. 

 

 

 

 

 

 

 

 

Figure 4. 11: Histogram of the CuNW diameter across 50 nanowires to determine the 

Gaussian distribution 

a b 

c d 
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Figure 4. 12: EDS spectrum of (a) CuNWs, (b) AZO-NFs and (c) GZO-NFs  

a 

b 

c 
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4.3.3 UV-VIS analysis 

The optical transmittance and absorbance spectra of the prepared electrodes and the 

various coatings were prepared at room temperature and are shown in Figures 4.13- 

4.15. In Figure 4.13(a) the transmittance spectrum of the various bare polymer 

substrates was recorded and compared to one another. It can be seen, that while PC 

has the higher transmittance at λ = 550 nm, which is the standard method of comparing 

transmission results between samples. PET showed a slightly lower transmittance 

after PC, with the average transmittance of 88.64% across the entire visible range. By 

analysing the spectrum, the PET substrate tends to blue shift with the shorter 

wavelengths, while with PC, PES and, PEN are more inclined towards red shifted. This 

red shift is an indication of the decrease in optical bandgap that these polymer 

substrates will have in comparison to the PET substrate. Furthermore, the dropping in 

transmittance percentage closer to the λ = 400 nm range for the PC, PES and, PEN 

while the PET only dropped around λ = 300 nm, is an indication that the PET would 

be able to transmit more light into the solar cell and thus be more efficient in the 

harvesting of light which is ideal for solar cell applications. 

When evaluating the transmittance for the deposited films (Figures 4.13 - 4.15 and 

Table 4.2) it is clear that as the layers of CuNWs, AZO-NFs and, GZO-NFs are 

deposited onto the substrates, the transmittance of the films reduces the transmittance 

efficiency. This is most noticeable in the films deposited on PC and PEN substrates 

with the largest deteriorations between them while with PET the deterioration was 

smaller than 5%. The reduction in the transmittance for AZO-NFs and GZO-NFs is 

attributed to the difference in crystallite size the two layers had, as well as the possible 

increase in film thickness. However, it should be noted that a layer of CuNWs alone, 

without coating with AZO and GZO-NFs, does not deteriorate the transmittance with 

a large margin. This is a good indication that CuNWs still retain light transmission 

efficiency.  

The bandgap values of the films were also examined and reported on. The reason 

why the bandgap is an important factor for solar cells is that it indicates what energy 

the electrons have to have in order to be transferred to the next layer. In most single-

junction cell a small bandgap value of around 1.5 eV is required for the greatest 

efficiency making smaller bandgaps more desirable. However, there are several 

drawbacks to using small bandgaps materials such as the photo-generated charge 
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carriers in them lose most of their energy which is a result of the thermalization down 

to bandgap energy [37], and that they do not permit visible light transmission [38]. 

Wide bandgap absorber materials can thus offer a new technological advancement in 

transparent solar cells and be potentially used in building integrated photovoltaic 

concepts [39]. Wide bandgap can also achieve higher voltages which is necessary to 

reduce the energy loss due to series resistance in solar cells [40].  

To calculate the optical bandgap of the films Tauc’s relation was used to estimate it 

using the equation 4.2 below [41]: 

(𝛼ℎ𝑣)𝑛 = 𝐾(ℎ𝑣 − 𝐸𝑔)    (4.2) 

Where 𝛼 is the absorption coefficient, hv is the incident photon energy, K is a constant, 

𝐸𝑔 is the films optical bandgap and, n is the transition mode which depends on the 

nature of the material. ‘n’ usually has two values that are used, 𝑛 = 2  for direct 

transistions and 𝑛 =
1

2
 for indirect transitions. For the purposes of this study the direct 

bandgap was looked at so 𝑛 = 2. The bandgap was determined by evaluating the plot 

of a graph for (𝛼ℎ𝑣)2 vs ℎ𝑣 and extrapolating the linear portion of it. The unknown 

values of the formula can be found using the following equations: 

𝛼 = 2.302
𝐴

𝑡
      (4.3) 

ℎ𝑣 =
1240

𝜆
     (4.4) 

where A is the absorbance of the film, t the thickness, and 𝜆 the wavelength of the 

light. The thickness of the film was determined from the AFM results. Using equation 

4.3 and 4.4, Figure 4.15(b) was produced and the bandgap values of the films were 

found and summarized in Table 4.2.  

As was anticipated, the PET substrate showed the higher overall bandgap of ~3.918 

eV with the other substrates on the lower end of the spectrum. It should also be noted 

that the addition of the CuNW, AZO-NFs and, GZO-NFs layers reduced the bandgap 

values further which could be attributed to the lowered transmittance that was 

observed and the slight redshift.  
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Table 4. 2: Transmittance and bandgap characteristics of bare and coated polymer 

substrates 

Substrate Transmittance 

λ=550nm (%) 

Average transmittance 

λ=380-800nm  

Bandgap 

(eV) 

Bare PC 90.23% 87.93% 3.271 

PC CuNW 78.64% 78.44% 3.248 

PC AZO 72.52% 72.79% 3.237 

PC GZO 68.39% 69.27% 3.234 

    

Bare PEN 87.11% 85.78% 3.205 

PEN CuNW 81.55% 81.52% 3.204 

PEN AZO 80.63% 80.07% 3.200 

PEN GZO 74.54% 74.45% 3.198 

    

Bare PES 74.80% 70.43% 3.127 

PES CuNW 71.00% 67.48% 3.126 

PES AZO 68.84% 65.21% 3.122 

PES GZO 63.90% 60.97% 3.121 

    

Bare PET 88.79% 88.64% 3.918 

PET CuNW 86.70% 87.26% 3.916 

PET AZO 85.83% 86.01% 3.917 

PET GZO 82.97% 83.56% 3.915 
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Figure 4. 93: Comparison transmittance spectra of (a) Bare and (b) Coated PC 

substrates. 

 

 

 

 

 

 

 

Figure 4. 104: Comparison transmittance spectra of (a) coated PEN and (b) coated 

PES substrates 

 

 

 

 

 

 

Figure 4. 115: Comparison transmittance spectrum of (a) coated PET films and (b) 

Bandgap estimation using Tauc’s relation. 

a 

a 

a 

b 

b 

b 
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4.3.4 AFM analysis 

Figures 4.16- 4.27 show the AFM images of the substrates and the layers that make 

up the bottom electrode. From the scans the roughness and height of the films were 

obtained using the Project 4 software and the obtained parameters are summarized 

in Tables 4.3 and Table 4.4. The roughness of the films increased with the addition of 

the various layers which was anticipated. The roughness of the GZO-NFs was more 

noticeable (excluding the PES sample) than the AZO-NFs which can be corroborated 

with the SEM images of the layers taken where the GZO-NFs were not all horizontally 

spread out and the larger gaps between the flakes observed would also contribute to 

this increase in the roughness. The roughness of the films has been associated with 

an increase in the light trapping for solar cell devices which results in the reflection 

losses being reduced and with gains in the optical length of the incident light inside 

the absorber layer [42, 43].  

By using the height distribution of the various films, the average heights of each layer 

were found and recorded in Table 4.4. From this data it can be seen that the GZO-

NFs had the thickest layer which could potentially have an impact on the observed 

roughness of the film. 

Table 4. 3: Roughness values (nm) of the various substrates and the layers deposited 

onto them 

 PC PET PES PEN 

 Roughness (nm) 

CuNWs 109.01 73.24 77.51 46.35 

CuNW/AZO-

NFs 

154.28 318.09 455.59 347.00 

CuNW/GZO-

NFs 

534.02 1054.39 330.90 797.30 
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Table 4. 4: Heights of the corresponding layers 

 Height (nm) 

Individual CuNWs 87.24 

AZO-NFs 1022.43 

GZO-NFs 2630.33 

 

 

 

Figure 4. 126: AFM images of PC/CuNWs (a) 3D (b) 2D 

 

   

Figure 4. 137: AFM images of PC/CuNWs/AZO (a) 3D (b) 2D 

 

a b 

a b 
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Figure 4. 148: AFM images of PC/CuNWs/GZO( a) 3D (b) 2D 

 

Figure 4. 159: AFM images of PEN/CuNW (a) 3D (b) 2D 

 

 

Figure 4. 20: AFM images of PEN/CuNWs/AZO (a) 3D (b) 2D 

 

a b 

a 
b 

a b 
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Figure 4. 161: AFM images of PEN/CuNWs/GZO (a) 3D (b) 2D 

 

Figure 4. 172: AFM images of PES/CuNWs (a) 3D (b) 2D 

 

 

Figure 4. 183: AFM images of PES/CuNWs/AZO (a) 3D (b) 2D 
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b 

b 

a 
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Figure 4. 194: AFM images of PES/CuNWs/GZO (a) 3D (b) 2D 

 

Figure 4. 205: AFM images of PET/CuNWs (a) 3D (b) 2D 

 

Figure 4. 216: AFM images of PET/CuNWs/AZO (a) 3D (b) 2D 

 

b 

b 
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Figure 4. 227: AFM images of PET/CuNWs/GZO (a) 3D (b) 2D 

 

4.4 Conclusion 

CuNWs were succesfully synthesized using hydrothermal method  and coated onto 

various polymer substrates. AZO- and GZO-NFs were used as protective layers which 

were then analysed. The XRD showed the cubic structure of the CuNWs, which 

confirmed the succesful synthesis of CuNWs. From the SEM images,  ultra-long and 

thin CuNWs and a well distributed layer of NFs were observed. This will be ideal for 

protecting the CuNWs both from oxidation and potentially improve the tensile strength 

of the films. The UV-VIS spectra demonstrated that the PET substrate has the best 

transmittance over the others  as well as the wide bandgap which is optimal for 

transparent flexible solar cells. It was also observed that AZO-NFs had a better 

transmittance on all films than GZO-NFs which is attributed to the dopants used as 

well as the smaller crystalite sizes. The AFM results indicated that while both the AZO-

NFs and GZO-NFs increased the roughness of the film, the GZO-NFs increased it by 

the greatest amount which could be benificial for light trapping properties in 

photovoltaic devices if utilized correctly. From this it can be concluded that PET is the 

best substrate for the films in terms of transmittance, while both the AZO-NFs and 

GZO-NFs have their advantages.  

 

 

 

 

 b a 
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Chapter 5. Mechanical properties of 

CuNW/AZO-NFs and CuNW/GZO-NFs on 

various polymer substrates 

  

5.1 Introduction  

In this chapter the mechanical properties of the prepared bottom electrodes will be 

examined and compared to observe the impact of using the different components will 

have on the final electrode. It is an important parameter to study for many potential 

devices would require a transparent flexible electrode in order to use them in day-to-

day life. A potential example of this could be a small transparent solar panel on a smart 

phone or watch device, where in the normal course of the day will come under strain 

and impact, be it from accidentally dropping the device or pressing down on it at the 

bottom of a bag. If the electrode and substrate are not robust enough the solar cell 

might become damaged and deformed which would result in it not working at its 

optimal efficiency. This would require the device to be replaced and the potential waste 

of valuable resources if it is not recycled efficiently negating any positive environmental 

impact of using the device. 

In this regard, flexible solar cell devices offer the best as the cell is thinner and thus 

more prone to getting damaged, a flexible substrate will allow the device to take more 

strain and damage compared to a rigid substrate which will not withstand the applied 

energy as readily. Besides the mechanical robustness of the potential device other 

advantages of having a thin flexible device include a smaller weight (allowing for it be 

utilised in small portable devices), formability (allowing the device to be a shaped into 

whatever form it is needed to be), and potential lower cost due to the total amount of 

resources required to build one, being fewer [1]. Of the flexible substrates that have 

been studied over the years (which include metal [2] and ceramic substrates [3]) 

polymer substrates have shown the greatest potential. Whilst plastic polymers have 

poorer thermal [4] and environmental stability [5] when compared to other substrates, 

its excellent flexibility and optical properties are more appealing as the poor thermal 

stability can be worked around by only using synthesis techniques that have low 
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temperature methods while the layering of the device will be able to impact the 

environmental stability of the device. 

This chapter reports on the findings of tensile strength tests for PC (1mm), PES 

(0.25mm), PEN (0.125mm) and PET (0.1mm) polymer substrates which have been 

coated with CuNWs, AZO-NFs, and GZO-NFs as potential bottom electrodes to 

observe what strengths they have and to compare them to find which will have the 

best practical usage as a protective bottom electrode. The synthesis and depositing 

of the various layers of the electrode have already been discussed in Chapter 4 section 

4.2, experimental section. 

 

5.2 Experimental Section 

To study the tensile strength of the polymer substrates, a Deben 200N Microtester 

was used to gather the required data. The samples were firmly secured between two 

jaws of the device with the distance between them carefully measured and monitored 

throughout the experiment. Thereafter, a force would be applied to the film as the jaws 

were slowly pulled apart with a sample time of 200ms and a constant speed of 

0.1mm/min to ensure consistent results as the speed the jaws are pulled apart have 

been recorded to impact the results [6]. The data obtained from the test is given as 

force and elongation as shown in Figure 5.1 below. 
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Figure 5. 1: Illustration of the Force vs Elongation graph from the polymer substrate. 

  

In order to use this data, the points would have to be converted to stress and strain 

respectively. The following equations are used for these conversions [7]: 

𝜎 =
𝐹

𝐴
              (5.1) 

𝜀 =
∆𝐿

𝐿𝑖
             (5.2) 

In equation 5.1, 𝜎 denotes the stress of the sample (MPa), F is the measured force 

(N), and A is the cross-sectional area of the sample (mm2) and in equation 5.2, 𝜀 

denotes the strain of the sample, ∆𝐿 is the elongation of the sample (mm), and 𝐿𝑖 is 

the initial length of the sample (mm). Using these equations, Figure 5.2 can be 

produced which has been labelled with some of the corresponding parameters that 

can be found and studied from this gathered data. From this graph the yield strength, 

ultimate strength, and fracture strength can all be found and studied [8]. The yield 

strength is an important aspect to study as it is an indication of how much energy the 

substrate can withstand before it becomes deformed permanently. The substrate 

behaves elastically to any stress smaller than the yield strength applied to it and does 

not change the substrate in anyway as the substrate can revert to its original form. 

However, after the yield strength is reached the substrate behaves as a plastic and 
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does not revert to its original state though it is not completely damaged [9]. From this 

it can be reasoned that a substrate with a larger yield strength is more ideal as it can 

experience a larger amount of force before its structure changes and the device is 

partially damaged. If the yield strength could not be determined by studying the graph, 

it could also be found using the 0.2% offset yield strength where the offset would be 

plotted with the original graph, and where the two intercept, would be the yield strength 

[10]. 

 

Figure 5. 2: Illustration of the Stress-Strain graph from the polymer substrate 

 

The offset can be found using the following equations: 

𝑂𝑓𝑓𝑠𝑒𝑡 𝑆𝑡𝑟𝑒𝑠𝑠 = 𝜎 × 𝑌𝑜𝑢𝑛𝑔𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠     (5.3) 

𝑂𝑓𝑓𝑠𝑒𝑡 𝑆𝑡𝑟𝑎𝑖𝑛 = 𝜀 × 𝑌𝑜𝑢𝑛𝑔𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠       (5.4) 

The ultimate strength is the maximum stress the substrate can withstand before it goes 

through a process called necking or potentially immediately breaks. During this 

necking phase the substrate becomes weaker and can withstand less stress before it 



76 
 

breaks. Thus, it is important to know the ultimate strength, as after this point the 

substrate will no longer be viable. The fracture strength is the final strength the 

substrate can withstand in the necking phase. Another important property that can 

also be identified from the graph is the Young’s Modulus of the sample. The Young’s 

Modulus is an indication of how stiff a material is, with larger values tending to be less 

elastic and observed to be stiffer [11]. This can be found by fitting a linear line on the 

graph before the yield strength. This can be determined also with equation 5.5 as 

follows: 

𝑌𝑜𝑢𝑛𝑔𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 =
∆σ

∆ε
             (5.5) 

 

Other potential measurements of interest include the modulus of resilience and the 

strain hardening ratio. The modulus of resilience is the total energy a material can 

absorb and still return to its original shape and form [12]. For the application in a solar 

cell device, it would be the maximum energy the protective substrate will be able to 

withstand before it starts to become damaged and deteriorates. It can be found as the 

total area under the stress-strain graph up until the yield strength. The strain hardening 

exponent (n) is an indication how the material will behave when it is being formed and 

deformed [13]. Materials with high values of n can undergo plastic hardening and are 

less brittle, with values closer to zero can experience microcracks when under high 

plastic deformation. Materials with large n values also possess better formability 

compared to materials with lower values. The formability of a material is an important 

aspect to know as it is the degree that a material can be deformed without resulting in 

any undesirable conditions (such as necking and cracking).  This can be found by 

using the logarithmic graphs of the true stress-strain graph and finding the slope 

between the yield and ultimate strength. The true stress and strain equations are given 

by the following equations [14]: 

𝜎𝑇 = 𝜎(1 + 𝜀)              (5.6) 

𝜀𝑇 = ln(1 + 𝜀)             (5.7) 

After the material undergoes strain hardening, it will then begin to start necking. 

Necking is the last phase a ductile material undergoing tensile testing will go through, 

as brittle materials will break before reaching this point (Figure 5.3(a) and (c) had 

limited necking). Up until this point the material will have deformed more uniformly 

along the gage length. After reaching the ultimate tensile strength however the 
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deformation of the material will be concentrated to one region which results in the width 

of the sample to decrease more than other regions on the sample and results in an 

hourglass shape [15], which can be clearly observed in Figure 5.3 (b) for PES 

substrate.   

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 3: Polymer substrates after stretched in the tensile tester (a) PET, (b) PES, 

(c) PEN and, (d) PC 

 

5.3 Results and discussion. 

5.3.1 Yield strength analysis 

From studying Figures 5.4 to 5.7, it can be seen that for most of the samples using 

PET, PEN and, PES the initial peak that indicates the yield strength in the example 

Figure of 5.3 is absent. This behaviour is an indication that these substrates are not 

as ductile as the PC substrate, and are instead stronger materials which are more 

brittle in comparison. This means to find the yield strength for these substrates, 

equation 5.3 and 5.4 would be needed and an additional plot made. 

Table 5.1 summarizes the measured yield strength values from various films deposited 

on polymer substrates. As can be observed from the first row of the data in the table, 

the bare PET substrate seems to offer the best yield strength which is an indication 

that potentially PET will be the ideal substrate to choose from. As can be seen from 

the data, the inclusion of the CuNWs improves the strength of the material which is 

linked to the CuNW network that covers the entire substrate and thus adding to its 

d b 

c 

a 
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strength and improving the elasticity of the substrate. This allows the substrate to be 

able to absorb more energy before it starts to deform. This however, needs to be 

properly monitored because if the CuNWs network of the film starts to break before 

the substrate does, the conductivity of the film would be severely impacted, with the 

solar cell becoming non-functional in this case.  

The coating of the AZO- and GZO-NFs substantially improves all of the films potential 

yield strength they are able to maintain and thus the films are better able to protect the 

CuNWs as it would be the polymer and NFs layers that are taking the brunt of the 

applied stress. The improvement with the NFs layers could be attributed to their 

structure and distribution. As was observed in the SEM images discussed in chapter 

4, the NFs were evenly distributed over the films and clearly observed to be layered 

on top of one another. This layer has been observed in other NFs materials and also 

been observed to improve the tensile strength of those materials [16, 17]. Due to the 

flakes large surface areas that can lay against one another. When compared to the 

CuNWs, these layers of flakes cause the overall deposited layer to be more adhesive 

to the film and more evenly share and distribute any stress applied to it. This makes 

the films stronger and offering the CuNWs layer more protection. With the CuNWs 

layered between the substrate and the NFs layers the previous adhesion problem that 

has been observed in other bottom electrodes has potentially been resolved here as 

they are firmly secured to the substrate. 

Another key observation is that the AZO-NFs performed better than the GZO-NFs in 

regard to the yield strength. This could be linked to the difference in crystallite sizes 

between the NFs which has been linked to impact the strain hardening properties of a 

film which in turn impacts the yield strength [18]. This indicates that the AZO-NFs will 

offer the CuNWs better protection against any force applied to the device.  
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Table 5. 1: Yield Strength (MPa) of the polymer substrates and the coated electrodes.  

 PC PET PES PEN 

Bare 25.710 68.866 38.848 46.182 

CuNW 25.204 71.715 41.016 54.032 

CuNW/AZO-

NFs 

55.0468 75.253 54.006 78.814 

CuNW/GZO-

NFs 

51.5336 71.958 46.163 74.041 

 

 

 

 

 

Figure 5. 4: Stress-Strain graph comparing the bare polymer substrates. 
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Figure 5. 5: Stress-Strain graph comparing the films of CuNWs on polymer substrates. 

 

Figure 5. 6: Stress-Strain graph comparing the films of CuNW and AZO-NFs on 

polymer substrates. 
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Figure 5. 7: Stress-Strain graph comparing the films of CuNW and GZO-NFs on 

polymer substrates. 

5.3.2 Ultimate strength analysis 

The values of the ultimate strength for the various polymer substrates and the coatings 

used with them are noted (Table 5.2). As the yield strength and ultimate strength are 

different for all of these values it is an indication that none of the materials were brittle 

and all managed to yield which is necessary characteristic for flexible solar cells. 

As previously stated, the ultimate strength is the maximum stress the film is able to 

withstand before it undergoes necking which deteriorates the quality of the film and no 

longer strengthens it (as the strain hardening process does). Ideally, the solar cell 

would never reach the ultimate strength of the substrate or be required to withstand 

the applied stress within the strain hardening region. However, as not all situations 

can be avoided or safeguarded against, for the purpose of this study the ultimate 

strength will behave as a safety net for the potential device preventing it from breaking 

in such a manner that the other parts of it would leak out. This is especially important 

as certain layers of solar cell devices contain toxic components (such as the lead in 
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perovskite) that if it comes into contact with water and leaks out, it could do damage 

to both the environment and to any person that come into contact with it. 

As can be observed in Table 5.2, the PET and PEN polymer substrates have the 

higher ultimate strength values with PEN having the better value between them. While 

both PES and PC also have larger ultimate strength values compared to their yield 

strength, their values are not substantially improved and thus the ‘safety net’ they 

provide for the electrode and potential solar cell device is diminished and not of much 

value. Once more, the addition of the CuNWs improves most of the ultimate strength 

values, the only one that isn’t completely improved being the PES film. The ultimate 

strength value of the PES reduces as additional layers are added as it was already 

very ductile and plastic. The additional layering of materials diminishes the high 

ductility making the film behave more as a plastic. A similar phenomenon can be 

observed with the PEN films which are also more ductile than the PC and PET (though 

less so than the PES film). With the addition of the AZO- and GZO-NFs the ultimate 

strength is reduced as it behaves more plastically. This can be potentially linked to the 

thickness of the NFs layer, which is substantially thicker than the CuNWs layer, which 

would then impair the overall ductility of the film. 

Once more, the AZO-NFs performed better than the GZO-NFs which can be 

corroborated to the different crystallite sizes of the two NFs layers and potentially the 

aluminium doping provides a stronger bond resulting in a greater ultimate strength 

before the film begins to undergo necking. 

 

Table 5. 2: Ultimate Strength (MPa) of the polymer substrates and the coated 

electrodes. 

 PC PET PES PEN 

Bare 44.839 94.772 59.869 136.887 

CuNW 55.421 100.258 56.636 146.764 

CuNW/AZO-

NFs 

66.696 106.460 57.276 119.411 

CuNW/GZO-

NFs 

52.728 96.375 55.737 99.730 
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5.3.3 Strain hardening and necking analysis 

The strain hardening of a material can be observed to be how much stress is required 

to continue to deform the material, while the material itself becomes more difficult to 

deform. As previously stated, strain hardening occurs between the yield strength and 

the ultimate strength. During this phase the material can no longer revert to its original 

shape and form and is instead permanently deformed. However, while continuing to 

undergo stress in this phase the material will instead be strengthened and have an 

increase of resistance. This means that the material will be able to withstand a greater 

force applied to it, however, it will be less ductile and thus less flexible potentially to 

the detriment of whatever application it was currently being used for. The strain 

hardening value can be studied in turn, using the strain hardening exponent. 

As it was previously stated the strain hardening exponent determines how formable a 

material is and whether it will be brittle or not when placed under strain. Both PET and 

PEN behaved the least ductile of the materials, as they reached their ultimate strength 

and then proceeded to fracture which can be observed in the figures 5.4 to 5.7. This 

is supported by the strain hardening exponent values which have these two polymer 

substrates on the lower end of the values, which indicates that they will be brittle. From 

these values it can also then be noted that the PC and the PES substrates will have 

the best formability.  This means that PC and PES can be deformed into a desirable 

shape for a specific product without becoming completely damaged. 

 

Table 5. 3: Strain hardening exponent of the polymer substrates and the coated 

electrodes. 

 PC PET PES PEN 

Bare 0.784 0.224 0.587 0.450 

CuNW 0.798 0.239 0.780 0.597 

CuNW/AZO-

NFs 

0.624 0.249 1.270 0.631 

CuNW/GZO-

NFs 

0.389 0.244 0.754 0.406 
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After the material has undergone strain hardening, it will further undergo a process 

called necking. Both the PET and PEN failed to reach this point as they both fractured 

soon after reaching the ultimate tensile strength indicating that while the materials 

were strong, they were considerably more brittle. While the PC substrate did 

eventually fracture after a time the PES substrate was unable to reach its fracture point 

with the equipment on hand as the tensile tester could only extend the films from 

10 mm to 20 mm. Should the tensile tester that was used for the measurements been 

able to extend further the fracture point would have been found at some point though 

for the purposes of this study it is sufficient to know that the necking phase of the PES 

was the greatest among the polymer substrates.  

 

5.3.3 Young’s modulus and resilience analysis 

The Young’s Modulus is an important parameter to know for materials as it is an 

indication of its strength and how the material will behave in potentially different loads. 

As can be seen from the data in Table 5.4, the addition of the CuNWs and the NFs 

generally increases the value which indicates an increase of the overall strength of the 

film which further supports the previous analysis with the yield and ultimate strength 

which came to a similar conclusion. Furthermore, the Young’s Modulus is also an 

indication of how ductile a material will be with a lower value behaving more ductile 

while a larger one is more brittle. From this both the PC and PES would be expected 

to be more ductile which was observed to be the case and also corroborated with the 

strain hardening exponent values. 

 

Table 5. 4: Young’s modulus (MPa) of the polymer substrates and the coated 

electrodes 

 PC PET PES PEN 

Bare 706.020 3392.414 1534.150 4170.637 

CuNW 915.451 3335.548 1979.307 4147.937 

CuNW/AZO-

NFs 

956.337 3586.366 1427.851 4148.278 

CuNW/GZO-

NFs 

713.892 3392.525 1500.029 3612.465 
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Another parameter that can be looked at within the initial range is the resilience of the 

films. As stated previously the resilience of a material is the total energy a material can 

absorb and still return to its original shape without any deformations. The greater this 

value is the more resilient it is and thus the more energy it can safely absorb and be 

able to return to its original shape and form. This is important for application in small 

flexible devices as while the deformation of the film has limited impact on the structure 

and stability of the film, it could still result in other components of the device becoming 

irreversibly damaged. Thus, the ability for the outer film to be able to absorb and 

withstand taking a direct impact to it is an important feature for future developments.  

From Table 5.5, the data of the resilience of the polymer substrates is observed and 

the addition of the CuNWs and AZO-NFs result in an improved resilience for the films. 

This indicates that the CuNWs network that is evenly distributed across the films 

strengthens the properties of the films. As was observed in the SEM images, the 

CuNWs were ultralong which better linked and interconnected the network which gives 

it improved strength. With the AZO-NFs the improvements come from the previously 

mentioned layering that is observed with the nanoflakes which are distributed across 

the film which further demonstrates the potential protective properties the AZO-NFs 

layer provides. It is only the GZO-NFs layer that does not improve, or in some cases 

not as substantially as the AZO-NFs were seen to. These results show that the GZO-

NFs are not as well suited to protect the CuNWs, as they absorb less energy than the 

AZO-NFs. 

 

Table 5. 5: Resilience (J/mm3) of the polymer substrates and the coated electrodes 

 

 PC PET PES PEN 

Bare 0.478 0.849 0.569 0.365 

CuNW 0.498 1.050 0.530 0.556 

CuNW/AZO-

NFs 

1.800 1.059 1.399 0.762 

CuNW/GZO-

NFs 

0.891 0.825 0.909 0.995 
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5.4 Conclusion 

The tensile strength properties of different polymer-based substrates bottom 

electrodes were investigated and compared to one another. Furthermore, the addition 

of CuNWs, AZO and GZO-NFs layers onto the substrate were investigated to analyse 

what impact they would have on the mechanical properties. From this data it can be 

observed that a PET based substrate would be the optimal choice for a flexible 

transparent substrate as it has the better values for the yield strength, Young’s 

Modulus and, resilience for the prepared electrodes. Additionally, for the substrate that 

requires better formability (i.e., for the transparent electrode to be in a specific shape 

that isn’t flat or slightly curved) the PES substrate offered the better formability while 

still having some protection for the CuNWs. Of the two nanoflake protective layers that 

were examined, AZO-NFs showed a clear advantage to GZO-NFs with the best results 

in all of the various aspects of the film ranging from the protective capabilities of the 

layer to the formability of the substrate. 
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Chapter 6. Summary and Conclusion of the 

study 
 

This chapter summarizes and concludes the results of this study. In this study, the 

synthesis of smooth long CuNWs by hydrothermal method for deposition on polymer 

substrates was successful. The CuNWs were then deposited on PC, PET, PES and 

PEN polymer substrates for possible application in thin transparent flexible electrodes 

for the potential use and fabrication of solar cells. Additionally, AZO and GZO-NFs 

were also synthesized to be used as a protection layer for the CuNWs against 

oxidation, as well as to improve other properties of the films. The study was completed 

with these main objectives in mind: (i) compare the transmittance and tensile strength 

of the polymer substrates, (ii) compare the protective capabilities of the NFs layer, (iii) 

study the effects of the various layers and their potential impact on future solar cells 

device performance. Ultimately the structural, morphological, optical, and mechanical 

properties of the films were analysed and discussed in the structured chapters. 

 

6.1 Summary  

6.1.1 Hydrothermal synthesis of CuNWs, AZO-, and GZO-NFs: Potential 

properties for usage as the bottom electrode for solar cells   

Smooth ultra-long CuNWs were successfully synthesized using the hydrothermal 

method and using ODA as the capping agent. Both AZO and GZO-NFs were also 

synthesized in order to be used as a protective layer against oxidation over the CuNWs. 

These were then deposited onto various polymer substrates and then analysed using 

different techniques. The XRD results were able to both confirm and identify the used 

polymer substrates, as well as confirming that pure CuNWs were produced and that 

they were made out of (111) cubic structures. Both the AZO and GZO-NFs structures 

were unable to be identified using XRD which was linked to the broad and very intense 

polymer peaks that were observed. The synthesized materials had various crystallite 

sizes with CuNWs being 24.51 nm, AZO-NFs being 11.08 nm and, GZO-NFs being 

10.19 nm which were found to have an impact on the tensile strength of the films. 

From the SEM images, ultra-long and thin CuNWs were observed and a well 

distributed layer of nanoflakes were found for both the AZO and GZO NFs films. This 
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layering will be ideal for protecting the CuNWs both from oxidation and potentially 

improve the tensile strength of the film. The UV-VIS scans demonstrated that the PET 

substrate had the best transmittance (88.64%) over the widest range (380-800 nm) as 

well as the widest bandgap which is optimal for transparent flexible solar cells. It was 

also observed that AZO-NFs had a better transmittance on all films than GZO-NFs 

which is attributed to the different dopants that were used as well as the crystallite 

sizes. Finally, the AFM results showed that the additional layering of the nanoflakes 

increases the roughness of the films which could be beneficial for light trapping should 

the electrodes be used in solar cell devices.  

 

6.1.2 Mechanical properties of CuNW/AZO-NFs and CuNW/GZO-NFs 

on various polymer substrates 

The tensile properties of the different polymer-based substrates for bottom electrodes 

in solar cells were investigated and compared to one another with the different layered 

electrodes. The additional layering of the CuNWs as well as the protective nanoflakes 

layer was found to improve the yield strength, ultimate strength, as well as the Young’s 

modulus which all play vital roles in the mechanical integrity of the films though with 

AZO-NFs showing the best improvement across all substrates compared to the GZO-

NF layer. This indicates that AZO-NFs have the best potential to be able to protect the 

CuNW layer. 

Of the polymer substrates used, both the PET and the PEN showed the best results 

with having the best yield and ultimate strength. This indicates that the two polymers 

will be able to withstand being placed under the greater amounts of force before 

deforming and beginning to damage the CuNWs as well as the rest of the solar cell 

device.  

 

6.2 Conclusion and Future work 

 

This research project successfully managed to synthesize CuNWs which are ideal for 

usage with solar cells as well as protective layers of doped ZnO nanoflakes for 

possible application as bottom electrodes in transparent flexible solar cells. Even 

though there are other alternatives to CuNWs as the main component of the electrode, 
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metal nanowires as a whole offer a unique potential usage. This is due to them having 

a limited impact on the transmittance of the substrate while improving other properties 

such as the roughness for better light trapping and potential conductivity as the metals 

used for metal nanowires are all very conductive. The usage of metal nanowires also 

offers the potential usage for flexible devices which is important as it allows the 

technology developed to be more widely implemented and used in different aspects. 

Furthermore, the flexibility of a device also improves the potential protective 

capabilities of a device allowing the substrate to absorb more of the impact. 

From this work, it is possible to see that the PET and PEN polymer substrates offered 

the potential uses as transparent flexible substrate as both substrates possess 

excellent transmittance even when they have been coated with a thin layer of CuNWs 

and doped ZnO nanoflakes. The implementation of nanoflakes also opens additional 

avenues and potential for the electrodes as the nanoflakes layering increases the 

roughness of the film which increases the light trapping capabilities of the thin film 

which is ideal for solar cell-based devices. Additionally, the layering also has the 

beneficial impact of improving the tensile strength of the films making them more 

robust and resilient to external forces that would be applied to them and potentially 

damage other parts of the cell. This would allow the solar cell that was made with this 

protective layer to be implemented in various ways. 

Part of this work was also featured in a local conference South African institute of 

Physics (SAIP) where the given presentation won an award in the submitted category 

of Physics of Condensed Matter and Materials. This work has since been accepted to 

be published as part of the conference’s journals. A second paper is in the final stages 

of preparation to be submitted to another journal within due course. 

For future work, fabrication of a perovskite-based solar cell and/or organic-based solar 

cells to test the performance of the device could be studied if the addition of the 

CuNWs and NFs are beneficial to the final solar cell device. Further protection for the 

perovskite will also be considered with an entrapment layer of hydroxyapatite. 

Graphene could also be potentially examined and used in the place of the AZO-NFs 

layer as it has previously been found to have excellent conductive properties making 

it ideal for the bottom electrode. Lastly, long term tests should be considered to test - 

the viability of using such a device to generate solar power. 


