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ABSTRACT 
 

Clean and affordable energy, especially solar energy, is becoming more and more 

important as our annual total energy consumption keeps rising. However, to make solar 

energy more affordable and accessible, the cost for fabrication, transportation and assembly 

of all components need to be reduced. As a crucial component for solar cells, transparent 

conductive electrode (TCE) can determine the cost and performance. A light weight, easy-

to-fabricate and cost-effective new generation TCE is thus needed.  

While indium-doped tin oxide (ITO) has been the most widely used material for 

commercial applications as TCEs, its cost has gone up due to the limited global supply of 

indium. This is not only due to the scarcity of the element itself, but also the massive 

production of various opto-electronic devices such as TVs, smartphones and tablets. In 

order to reduce the cost for fabricating large area solar cells, substitute materials for ITO 

should be developed. These materials should have similar optical transmittance in the 

visible wavelength range, as well as similar electrical conductivity (sheet resistance) to 

ITO.  

This work starts with synthesizing ITO-replacing nano-materials, such as copper 

nanowires (CuNWs), derivative zinc oxide (ZnO) thin films, reduced graphene oxide 

(rGO) and so on. Further, we applied various deposition techniques, including spin-coating, 

spray-coating, Mayer-rod coating, filtration and transferring, to coat transparent substrates 

with these materials in order to fabricate TCEs. We characterize these materials and 

analyze their electrical/optical properties as TCEs. Additionally, these fabricated single-

material-based TCEs were tested in various lab conditions, and their shortcomings 

(instability, rigidity, etc.) were highlighted. In order to address these issues, we hybridized 
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the different materials to combine their strengths and compared the properties to single-

material based TCEs. The multiple hybridized TCEs have comparable optical/electrical 

metrics to ITO. The doped-ZnO TCEs exhibit high optical transmittance over 90% in the 

visible range and low sheet resistance under 200 Ω/sq. For CuNW-based composite 

electrodes, ~ 85% optical transmittance and ~ 25 Ω/sq were observed. Meanwhile, the 

hybridization of materials adds additional features such as flexibility or resistance to 

corrosion. Finally, as a proof of concept, the CuNW-based composite TCEs were tested in 

dye-sensitized solar cells (DSSCs), showing similar performance to ITO based samples.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Definition and Properties of Transparent Conductive Electrodes 

Transparent conductive electrodes (TCEs) are essential components for opto-

electronic devices today. As the name suggests, TCEs transmit light in the visible 

wavelength range, while being electrically conductive on the two-dimensional surface. 

TCEs are widely used in various opto-electronic devices, from organic light emitting 

diodes (OLEDs)1,2, touch screen displays3–5, and many thin-film-based solar cells6–9. For 

almost all TCEs, there are two most crucial parameters: the sheet resistance (Rs [Ω/sq]) and 

the optical transmittance (T [%]). Sheet resistance is a parameter used to measure the 2-

dimensional electrical conductivity of thin films. It is related to the resistivity 

(conductivity) of the material, as well as the film thickness t in accordance with Rs = ρ/t. 

Typically, the values of Rs and T tradeoff with one another, as thicker films usually absorb 

more light while being more conductive. For almost all applications, the optical 

transmittance should always be greater than 80%, while requirements for electrical 

properties of the TCEs vary depending on the application.  For example, antistatic 

applications only require 1 MΩ/sq sheet resistance to function, while touch screen 

applications require 200 – 1000 Ω/sq. However, for other applications like OLEDs or solar 

cells, a stricter requirement (Rs < 10 Ω/sq) is common. Although functions of devices 

depend on the active materials, TCEs play a crucial role in determining the 

cost/performance of the devices too.  
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1.2 Industry Standard: Indium Tin Oxide 

Presently, indium doped tin oxide (ITO) is the industry standard for TCEs. ITO has 

excellent optical transmittance (T > 85%) in the visible wavelength range and low 

resistivity (~ 10-4 Ω·cm), which corresponds to 10 Ω/sq for a 100 nm thick film10,11. 

Besides, ITO is also favored over other conductive metal oxide for two reasons: it can be 

etched more precisely, and it is more stable when compromised by water content. However, 

the global supply of ITO is limited, not only because of the scarcity of indium itself, but 

also due to the massive manufacture of various opto-electronic devices. Since the supply 

of ITO is dwindling, the price has been rising for the past decade. According to a report 

from the U.S. Geological Survey's Mineral Resources Program, the annual average price 

of indium from U.S. producers has risen from $565 to $735 per kilogram over the past 5 

years12. Besides the financial factors involved, ITO performance is also limited in certain 

applications. For instance, many previous works have demonstrated that even when the 

ITO thin films were deposited on flexible substrates, they have a large break-down bending 

radius, as well as lower tolerance for number of bending cycles allowed13. The inherit 

rigidity of ITO thin films limit the applications in flexible and wearable technologies, 

which are becoming more favorable nowadays. Additionally, ITO behaves metal-like in 

the infrared region, with high surface reflectivity. The low transmittance in infrared region 

may also be unwanted in specific applications. Due to these reasons, researchers are heavily 

investigating novel materials to replace ITO. There are many potential substitutes for ITO, 

such as metallic nanowires, indium-free metal oxide, graphene, conductive polymer and so 

on. We will discuss in more detail in the following section. 

 



	 19	

1.3 Types of Transparent Conductive Electrodes 

To date, many nano-materials have been developed and characterized as potential 

ITO replacement. For instance, metallic nanowires exhibit excellent electrical 

conductivity. Silver nanowires (AgNWs) are typically synthesized via a polyol process. In 

a recent work, AgNW with 35 nm diameter and 25 µm length were synthesized and used 

to fabricate TCEs14,15. Similarly, copper nanowires (CuNW) were synthesized by 

researchers using different solution processes16–18. When the synthesis processes are 

optimized, the aspect-ratio (length/diameter) can be increased and the optical transmittance 

of the deposited network can be significantly improved, while keeping the same sheet 

resistance. Some of the best AgNW TCEs reported to date have Rs < 25 Ω/sq, coupled with 

T = 90%19, and CuNW TCEs are reported with T = 93% and Rs = 50 Ω/sq in a recent 

work16. In addition, these nanowires can be deposited on flexible supports to fabricate 

bendable or even deformable TCEs15. Until now, many of these nanowire based TCEs were 

fabricated and tested in various opto-electronic devices, such as LEDs and solar cells20–22. 

Additionally, other conductive metal oxides (e.g. aluminum doped zinc oxide, 

fluorine doped tin oxide, etc.) are also commonly used as TCE materials23–25. These metal 

oxide thin-films are usually deposited via vacuum processes such as sputtering, physical 

vapor deposition (PVD), and have similar or only slightly inferior performance to ITO. 

When these thin films are processed properly, they can have low resistivity as low as 10-4 

Ω·cm, which is comparable to high quality ITO. Sol-gel deposition is also applicable for 

depositing these metal oxide thin films. Due to its ease of fabrication and potential 

scalability, it is also widely investigated and applied25–27. In addition, due to other desired 

properties, for example, stability at high temperature (up to 500 °C) of fluorine-doped tin 
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oxide (FTO) thin film, these metal oxide thin-film TCEs are used in some specific 

applications.  

Since the introduction of the reliable method to produce single-layered graphene, it 

has become one of the most researched materials. Single-layered graphene exhibits 

excellent optical and electrical properties. In a study, a graphene TCE fabricated with 

chemical vapor deposition technique exhibits Rs = 30 Ω/sq, coupled with T = 90%4. 

However, large area single layer graphene is difficult and costly to mass produce. 

Researchers have found that reducing graphene-oxide (GO) is a cost-effective solution. 

The reduced graphene oxide (rGO) has slightly inferior electrical/optical properties 

compared to single layer graphene, due to attached functional groups or fabrication 

defects28,29. Using only rGO, researchers were able to fabricate TCEs with Rs = 200 - 300 

Ω/sq, coupled with T = 80% on glass substrates. 

Poly(3,4-ethylenedioxythiophene) Polystyrene Sulfonate (PEDOT:PSS) is a 

polymer mixture of two ionomers, and electrically conductive. Commercially available 

PEDOT:PSS usually have reasonable conductivity ranging from 100 – 1000 S/cm. 

However, researchers have discovered that when treated with right chemicals, such as 

ethylene glycol, alcohols or concentrated sulfuric acid, the conductivity can be enhanced 

up to 4600 S/cm11,30,31. In addition, optical transmittance over 85% is usually exhibited in 

the visible range (400 – 800 nm) from the PEDOT:PSS samples.  

Other TCE materials include patterned metal grid, which can be fabricated by inkjet 

printing or lithography32,33; and single-walled carbon nanotubes34,35, etc.  

In the following sections, details of the above mentioned ITO-replacing materials 

will be discussed. 
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CHAPTER 2:  

SOL-GEL DEPOSITED INTRINSIC ZINC OXIDE, ALUMINUM-

DOPED ZINC OXIDE AND GALLIUM-DOPED ZINC OXIDE 

TRANSPARENT CONDUCTIVE ELECTRODES 

 

2.1 Introduction 

In recent years, thin films of zinc oxide (ZnO) doped with n-type dopants have been 

considered as promising substitutes for ITO. In particular, aluminum-doped zinc oxide 

(AZO) and gallium-doped zinc oxide (GZO) have been extensively studied as suitable 

TCEs for a wide variety of applications. These thin-film electrodes can be deposited via a 

number of different techniques such as spray pyrolysis36, chemical vapor deposition37, 

molecular beam epitaxy38, sputtering39–42, and sol-gel process25–27,43,44. Subsequent to film 

deposition, a high temperature annealing process is typically required to improve the 

electrical conductivity of the thin films. Sol-gel deposition technique is widely used in 

fabricating various metal oxide thin films, however, when compared to thin films deposited 

via other methods such as sputtering, the conductivity is usually lower. In many reported 

work, optical transmittance of the sol-gel deposited thin films are over 90%, but the sheet 

resistance values range from kΩ/sq to MΩ/sq27,45–50.  

Long-term stability in ordinary as well as harsh environments (damp-heat) is 

necessary for successful commercialization for essentially all applications. However, the 

electrical conductivity of ZnO, AZO and GZO thin films suffer from material degradation 

when exposed to air ambient or damp-heat environments37,42,51–53. Due to the large surface 
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area and various deposition defects, the sol-gel derived thin films are usually affected more 

significantly. Many approaches have been proposed and investigated by researchers to 

improve the stability of ZnO, AZO and GZO thin films under adverse conditions51,54. Some 

of them utilized hydrogen annealing and special coating with other oxide layers, and others 

have tried to grow the films using modified techniques.   

In this work, we deposited ZnO, AZO and GZO thin films on glass substrates using 

a traditional sol-gel process, and applied a novel plasma treatment to the deposited films, 

which resulted in enhanced electrical conductivity compared to the traditional thermal 

annealing. More importantly, to improve the stability and life-time of doped-ZnO thin film 

TCEs, we deposited additional layers of reduced graphene oxide (rGO) atop our plasma-

treated AZO and GZO films as passivation coating, and observed significant improvements 

in stability in air ambient as well as in a damp-heat environment. The rGO-coated 

AZO/GZO thin films have comparable performance to ITO, while showing much 

improved stability, thus are suitable for many opto-electronic applications. 

 

2.2 Plasma Treatment and Electrical Characterizations 

The ZnO, AZO and GZO samples were deposited following the processes described 

in APPENDIX A.1. Figure 2.1 is the process flowchart of the deposition.  

During the deposition process, pre-annealing at 400 °C for each layer was performed, 

this was to facilitate the solvent evaporation and to solidify the thin films. Once all the 

layers were deposited, the films went through post-annealing, which can be thermal 

annealing or a novel plasma annealing. Typically, the post-deposition thermal annealing 

process is conducted in air or other gas environment at high temperature (> 500 °C) to 
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further sinter the thin films. However, these thermally annealed ZnO, AZO and GZO thin 

films still have relatively low conductivity55,56, with many of them in the kΩ/sq – MΩ/sq 

range. We prepared 7-layer ZnO, AZO and GZO samples with 600 °C post-annealing step, 

but the Rs values of these thin films were ranging from 20 MΩ/sq – over 200 MΩ/sq. This 

low conductivity by thermal annealing on sol-gel deposited thin films are also reported by 

other researchers, which can be seen in Table 2.1. To enhance the conductivity, we applied 

plasma treatment to these sol-gel deposited ZnO based thin films, following the deposition 

and pre-annealing steps. The Rs values of the plasma-treated samples were measured using 

our customized 4-probe electrode. Figure 2.2 shows the sheet resistance values for plasma 

treated 7-layer samples. 

 

 

Figure 2.1. Process flowchart of ZnO, AZO, GZO thin film deposition. 
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Figure 2.2 Sheet resistance values versus number of layers deposited for samples with various 

plasma treatment time: (a) 5 minutes, (b) 10 minutes and (c) 15 minutes. (d) Sheet resistance 

values of 7-layer samples versus plasma treatment time. 

 

From Fig. 2.2 (a), it can be seen that even after only 5 minutes of plasma treatment, 

the sheet resistance values of the thin films have been significantly improved to kΩ/sq 

range, much lower than the MΩ/sq values when they were thermally annealed at 600 °C. 

Additionally, it can be seen that the sheet resistance for each sample decreases as the 

number of layers deposited increases. This is obvious since the sheet resistance is inversely 

related to film thickness, in accordance to:  
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𝑅" = 	
𝜌
𝑡  

where 𝜌 is the conductivity of the material and t is the film thickness. Additionally, for 7-

layer samples, 1 a.t.% GZO thin films have the lowest sheet resistance just under 200 Ω/sq. 

If we increase the plasma treatment time to 10 minutes, the Rs values of each samples 

further decreased, Again, lower Rs values with more layers deposited, and 1 a.t.% GZO 

sample being the most conductive. The 7-layer 1 a.t.% GZO sample have the lowest Rs 

value ~ 130 Ω/sq, while the 7-layer 2 a.t.% AZO sample have ~ 200 Ω/sq and the 7-layer 

ZnO thin film ~ 1000 Ω/sq. This high conductivity of plasma treated thin films have 

exceeded many other sol-gel deposited films, especially for intrinsic ZnO thin films, which 

can be found in table 2.1.  

 

Table 2.1 Parameters of sol-gel deposited AZO and GZO thin films 

Material Film thickness (nm) T (%) Rs (Ω/sq) Annealing method Reference 

ZnO 332 >93 1000 Plasma treatment  This work 
ZnO 311 82 - 85 6.3 × 106 500 °C in air [27] 
ZnO 32 > 95 1.6 × 1011 None [45] 

AZO (2 at%) 330 > 92 200 Plasma treatment This work 
AZO (1 at%) 313 > 80 130 500 °C in air [27] 

AZO (2 at%) 200 ~ 90 2200 Laser irradiation [46] 

AZO (1 at%) 150 > 85 4400 650 °C in air [50] 

GZO (1 at%) 353 > 94 130 Plasma treatment This work 

GZO (2 at%) 65 91.5 4.3 × 107 500 °C in air [47] 
GZO (3 at%) 200 > 80 950 IR lamp + 600 °C in vacuum [48] 
GZO (1 at%) 200 ~ 85 2.1 × 107 550 °C in air [49] 

GZO (1.5 at%) 200 > 85 3300 650 °C in air [50] 
      

 

When the plasma treatment time further increased to 15 minutes, we observed a slight 

increase in Rs values, which can be seen in Fig. 2.2 (c),(d). This reduction in conductivity 

can be attributed to decreased electron mobility after over-doping of oxygen content57. 
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Thus, we determined the most effective treatment time on 7-layer thin films was around 10 

minutes with the current setting. The plasma treatment had significantly enhanced the 

electrical conductivity of ZnO based thin films, especially for 7-layer intrinsic ZnO thin 

film with ~ 1kΩ/sq which is novel and superior compared to thermally-annealed samples.  

 

2.3 Nano-Scale Morphology Changes with Plasma Treatment 

To understand the origin of the effectiveness of plasma treatment, as well as its 

difference from thermal annealing, we prepared 7-layer intrinsic ZnO, 2 a.t.% AZO and 1 

a.t.% GZO samples in the following conditions: annealed at 400 °C, 600 °C and plasma 

treated for 10 minutes. These samples were then examined with an SEM to observe the 

morphology change of the thin films.  

 

 

Figure 2.3 SEM images of ZnO thin films annealed at (a, b) 400 °C, (c, d) 600 °C, and (e, f) 

plasma treated for 10 minutes.  
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Figure 2.4 SEM images of 2 a.t.% AZO thin films annealed at (a, b) 400 °C, (c, d) 600 °C, 

and (e, f) plasma treated for 10 minutes.  

 

Figure 2.5 SEM images of 1 a.t.% GZO thin films annealed at (a, b) 400 °C, (c, d) 600 °C, 

and (e, f) plasma treated for 10 minutes.  
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As it can be seen in Fig. 2.3 (a), (c) and (e), the ZnO thin films with all three annealing 

conditions appeared ‘continuous’ at lower magnification. However, when zoomed in, the 

samples annealed at 400 °C and 600 °C have distinguishable grains, with well-defined 

edges between the nano-particles (see Fig. 2.3(b) and (d)). In the case of plasma treated 

ZnO thin film, as shown in Fig. 2.3 (f), the nano-particles are seen to have similar size to 

the samples annealed at 400 °C and 600 °C, but the originally separated grains are now 

sintered and formed a continuous network. In Fig. 2.4 and 2.5, similar phenomena were 

observed for 2 a.t.% AZO and 1 a.t.% GZO thin films, with slightly different grain size. 

Apparently, the energetic plasma partially melted and merged the nanometer-sized 

particles and made the thin film much more continuous. In our study, the thermally 

annealed samples all exhibited high Rs values in the MΩ/sq range, while the plasma treated 

samples have Rs lower than 1000 Ω/sq, even for un-doped ZnO samples. The grain-

sintering by plasma treatment is clearly responsible for the significant enhancement of the 

electrical conductivity of these thin-film samples.  

X-ray diffraction analysis was conducted on 7-layer ZnO, AZO (2 at.%), and GZO 

(1 at.%) samples both before and after plasma treatment. The measurements were carried 

out under identical conditions, and the results are shown in Fig 2.6. Characteristic peaks 

such as (100) (002) and (101) are observed for wurtzite zinc oxide crystalline structure47. 

It is also seen that there is no significant change in the crystal structure or orientations 

before and after plasma treatment in each group of samples. This further indicates that the 

improvement in conductivity of the samples is caused by nano-particle sintering during 

plasma treatment, rather than by a change of the crystal structure.  
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Figure 2.6 X-ray diffraction spectrum for ZnO, AZO (2 at.%) and GZO (1 at.%) thin films on 

glass substrates, before and after plasma treatment.  

 

2.4 Optical Characterizations 

Intrinsic zinc oxide is a wide band-gap semiconductor, with Eg ~ 3.3 eV, which 

corresponds to the strong absorption at ~ 375 nm.  The optical transmittance of the thin-

film samples was measured with a UV-vis spectrometer; the results are plotted versus the 

wavelength in Fig. 2.7. The transmittance spectrum of all the samples is seen to be greater 

than 90% across the entire visible wavelength range. Specifically, the average optical 

transmittance (in the range of 400 – 800 nm) for 7-layer ZnO, AZO (2 at.%), and GZO (1 

at.%) thin-film stacks are above 90%. This property, of course, is particularly beneficial 

for TCE applications. For ZnO thin films with different thicknesses (i.e. 3, 5, 7 layers), 

since the absorption in the visible range is negligible, no significant loss in overall 

transmittance is observed for thicker films. Instead, interference patterns of transmittance 
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become significant as the film thickness increases; this phenomenon is simulated and 

explained in APPENDIX C. The potential thus exists for further reductions of the films’ 

sheet resistance Rs by depositing additional layers without significantly sacrificing the 

(average) optical transmittance.  

 

 

Figure 2.7 Measured optical transmittance of various ZnO, AZO, and GZO samples as 

functions of the wavelength.  

 

2.5 Composite Zinc Oxide and Reduced Graphene Oxide Electrodes  

Although we can process the sol-gel deposited ZnO based thin films via plasma 

treatment and achieve enhanced conductivity, they still suffer from long-term instability in 

air like many others have reported. Previous work has shown degradation of ZnO, AZO, 

and GZO films due to exposure to heat and/or humidity39,51,58. This is true for sputtered 

films, even though they typically have a more compact structure and are consequently more 

stable than the sol-gel deposited films in damp-heat environments54. To examine the 
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degradation rate of our sol-gel deposited, plasma treated samples, 7-layer samples were 

placed in air for a week and their Rs values were recorded every day. The results are shown 

in Fig. 2.8. It can be seen that ZnO, AZO and GZO thin films in air have all suffered from 

conductivity degradation, even at room temperature, with Rs values increased to one order 

of magnitude higher only in a week.  

 

 

Figure 2.8 Sheet resistance increase for ZnO, AZO and GZO samples in air. 

 

 In our previous work59, we have shown that a reduced graphene oxide (rGO) thin 

film can protect copper nanowires from degradation caused by heat and moisture. In an 

attempt to improve the stability of our ZnO-based thin-film samples, we spin-coated 

graphene oxide (GO) platelets in the form of a passivation layer on top of the plasma-

treated AZO and GZO films and, subsequently, reduced the GO composite films in a 

forming gas (5% H2 + 95% N2) environment at moderate temperature (180 °C) for 1 hour. 

The effectiveness of partially reducing GO by this particular process has been examined 
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by Raman spectroscopy and discussed in our previous work60. As can be seen in Fig. 2.9, 

the resulting films (both AZO and GZO) had slightly lower optical transmittance (~ 4% 

loss) due to the presence of the rGO coating. The sheet-resistance of the samples after 

passivation with the rGO layer, however, remained essentially the same as that before 

passivation (~ 130 Ω/sq for 1 at.% GZO and ~ 200 Ω/sq for 2 at.% AZO). 

 

 

Figure. 2.9 Optical transmittance spectra of sol-gel-deposited and plasma-treated thin film 

TCEs across the visible and near-infrared range of wavelengths. (a) Transmittance spectra of 

AZO and passivated AZO/rGO samples fabricated on glass substrates; the inset shows 

photographs of both samples placed over the OSC logo. (b) Transmittance spectra of GZO and 

passivated GZO/rGO samples fabricated on glass substrates; the inset shows photographs of 

both samples placed over the OSC logo.  

 

To test the effectiveness of the rGO coating as a passivation layer, we stored the 

samples in an environment with 50% relative humidity at room temperature for a period of 

30 days. The sheet resistances of the samples were measured during the test period and 

normalized to the original values of as-fabricated samples. Normalized plots of sheet 

resistance versus time for these samples are shown in Fig. 2.10(a). On one hand, the 

electrical conductivity of AZO and GZO samples without rGO coating is seen to have 
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degraded rapidly during the first seven days, and continued to degrade afterward, resulting 

in a 50-fold increase in their sheet resistance values. On the other hand, samples with rGO 

passivation coating exhibit significantly improved stability over the entire 30-day period; 

in particular, the sheet resistance of the GZO/rGO sample at the end of the month is less 

than double its initial value.  

 

 

Figure 2.10 (a) Normalized sheet resistance versus the time (in days) during which the samples 

were exposed to 50% relative humidity at room temperature. (b) Normalized sheet resistance 

versus the time (in hours) during which the samples were exposed to 80% relative humidity at 

80 °C.  

 

A more extreme test was conducted under a damp-heat environment with 80% 

relative humidity at 80 °C for a period of 48 hours, and the sheet resistance was monitored 

every 12 hours; the results are shown in Fig. 2.10(b). Once again, the stability of rGO-

coated samples is seen to have improved substantially relative to that of the uncoated 

samples. Whereas the un-protected AZO and GZO samples showed a 25-fold and 15-fold 

increase of sheet resistance, respectively, the sheet resistance of the passivated AZO/rGO 

sample had less than tripled during the same period, while that of the GZO/rGO sample 
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remained essentially intact. Both of the stability tests have demonstrated the effectiveness 

of rGO coating as a protective layer on AZO and GZO thin films. This all solution-

processed AZO/rGO and GZO/rGO TCEs can become cost-effective, high-performing 

ITO substitutes in many applications. 

In order to understand the passivation of rGO layer, we imaged the AZO/rGO and 

GZO/rGO samples with an SEM. The SEM images in Fig. 2.11 show the coverage of rGO 

on the surface of the AZO or GZO samples. Figure 2.11 (a) is a representative view of a 

typical AZO/rGO sample, in which the rGO passivation layer almost completely covers 

the surface of the AZO film. The bright ridges seen in this SEM image are wrinkles in the 

rGO layer. The full and uniform coverage by rGO across the surface protects the sample 

against moisture attacks. Upon closer inspection, however, one finds isolated spots where 

the AZO surface is not seamlessly covered. Figure 2.11 (b) shows an instance where only 

the lower-right-half of the imaged region is protected by the rGO layer.  Similarly, a GZO 

thin film fully covered by rGO layer is shown in Fig. 2.11(c) and a half-covered region of 

a GZO/rGO sample is shown in Fig. 2.11 (d). 
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Figure 2.11 SEM images of: (a) An rGO layer fully covering an AZO thin film sample. (b) 

An rGO layer partially covering an AZO thin film sample. (c) An rGO layer fully covering a 

GZO thin film sample. (d) An rGO layer partially covering the lower-right half of a GZO thin 

film sample.  

 

2.6 Conclusions 

Employing a well-established sol-gel deposition technique, we deposited ZnO, AZO, 

and GZO thin films on glass substrates with different dopant concentration. As an 

alternative post-annealing step, plasma treatment was applied instead of the conventional 

method of high-temperature thermal annealing. Our results indicate that plasma treatment 

produces a significant enhancement in the electrical conductivity of all ZnO, AZO, and 
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GZO thin films without modifying the crystalline structure or adversely affecting the 

optical transmittance of the thin-film samples. Our best performing samples are ZnO with 

Rs of ~ 1000 Ω/sq; 2 at.% doped AZO with Rs of ~ 200 Ω/sq, and 1 at.% doped GZO having 

Rs ~ 130 Ω/sq; all samples exhibit excellent optical transmittances of greater than 90% in 

the visible range. The combination of layer-by-layer sol-gel deposition, pre-annealing, and 

plasma post- treatment enables fast, large-area, cost-effective, and low-temperature (< 400 

°C) fabrication of ZnO, AZO, and GZO transparent conductive electrodes. Additionally, 

we deposited an rGO protective layer over our plasma-treated AZO and GZO films for 

purposes of passivation. The smooth and continuous rGO layer almost completely 

passivates the AZO and GZO thin films. The rGO coated TCEs exhibit substantial 

improvement in sample stability in both air ambient and harsh (i.e., 80% relative humidity 

at 80 °C) environments. 
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CHAPTER 3:  
COPPER NANOWIRE TRANSPARENT CONDUCTIVE 

ELECTRODES 
 

3.1 Introduction 
 

As a promising replacement for ITO, silver nanowires (AgNWs) based TCEs have 

drawn significant attention in the past decade, due to their comparable performance to ITO. 

In addition, AgNW based TCEs also have other advantages: having a different light-

transmitting mechanism, the transmittance spectrum is much more neutral to all 

wavelengths compared to ITO. Also, the long and thin geometry of the nanowires allows 

the TCE to be deposited on flexible substrates and bent. Until now, AgNW ink can be 

purchased from many vendors and AgNW based TCEs have been already commercialized 

by Cambrios.  

Copper has very similar bulk resistivity to silver (i.e., 16.8 nΩ·m compared to 

15.9 nΩ·m for silver), and it is much more abundant than indium or silver, making it an 

ideal candidate material for mass production TCEs. CuNW can be produced from many 

different processes: electro-spinning, template-assisted growth or solution process16–18,61,62. 

The solution synthesis process of CuNW can be traced back to 2005, by Zeng et al.63. Since 

then, many researchers have developed similar processes producing the nano-materials 

with different geometry. In 2010, Rathmell et al reported a large scale synthesis of CuNW 

using alkaline solution with hydrazine as reducing agent, and using EDA to ensure the 

anisotropic growth18. The synthesized CuNW have length of 10 ± 3 µm and diameter of 90 

± 10 nm. In 2013, Guo et al reported a different process involving using oleylamine as both 
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solvent and reducing agent, while nickel acetylacetonate is added as catalyst for the 

nanowire growth16. The CuNW synthesized by Guo et al have much improved aspect ratio, 

with length up to 40 µm and diameter of 16.2 ± 2 nm.  

We slightly modified Guo’s method and thus synthesized ultra-high aspect-ratio 

CuNW with average length L = 75 ± 20.8 µm and average diameter d = 44.6 ± 17.2 nm. 

The ultra-high aspect-ratio CuNW synthesized using this modified method is the focus and 

foundation of the following sections.  

 

3.2 Geometry of Copper Nanowires 
 

Once the CuNW were synthesized using the process described in APPENDIX A.3, 

they were deposited on a glass substrate and imaged using scanning electron microscope 

(SEM), atomic force microscope (AFM) and transmission electron microscope (TEM) to 

observe and analyze their geometries.  

 

  

Figure 3.1 (a) SEM image of CuNW randomly deposited on a glass substrate. (b) A bundle of 

CuNW with higher magnification.   
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Figure 3.1 (a) is an SEM image of CuNW randomly deposited on a glass substrate. 

It is seen the nanowires are thin, long, and easily forming a percolation network with 

appropriate nanowire density. In a closer-up SEM image (see Fig. 3.1b), it can be seen that 

the nanowires have smooth surfaces and form bundles of nanowires occasionally.  

From several SEM images (see. APPENDIX A), we randomly selected 50 nanowires 

and measured their lengths and diameters, and the resultant histograms are shown in Fig. 

3.2. From the measurements, we calculated the average length L = 75 ± 20.8 µm and 

average diameter d = 44.6 ± 17.2 nm, which yields the nanowire aspect-ratio to be ~ 1600. 

This is referred to as ‘ultra-high aspect ratio CuNW’ by us due to its superior geometry 

compared to other reported values18,64,65.   

 

 

Figure 3.2 Histogram distribution of (a) length and (b) diameter of nanowires obtained from 

50 randomly selected nanowires. 

 

In the final step of the nanowire purification, isopropyl alcohol (IPA) solution 

containing 1wt% polyvinylpyrrolidone (PVP) was used to the disperse the nanowires and 

subsequently washed again. This organic coating on nanowires will have an adverse effect 

to electrical conductivity by creating an insulating barrier between nanowires. We imaged 
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the synthesized CuNW with a transmission electron microscope (TEM) to obtain finer 

details of the nanowire morphology. Figure 3.3 is a TEM image of synthesized nanowires 

deposited on the copper grid without any further treatment. It can be seen that the nanowire 

surfaces were covered by a layer of organic coating, and the nanowires were thus isolated 

by it. This has been further proved by measuring the sheet resistance of CuNW deposited 

on glass substrate without treatment, which was not electrically conductive. Although the 

PVP coating renders the wire-wire connection non-ohmic, it significantly facilitates the 

dispersion of nanowires in polar solvent such as IPA, hence improving the overall film 

homogeneity when spray-coated or spin-coated66.  

 

 

Figure 3.3 TEM image of CuNW with surface coated by PVP.  

 

3.3 Deposition Techniques 

There are many reported methods to deposit the synthesized nanowires via wet 

process, for example, spin-coating, Mayer-rod, spray coating or filtration and transfer. 
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These deposition techniques are typically modified into roll-to-roll process thus suitable 

for industry large-scale manufacturing. 

To spin-coat the nanowires onto glass substrates, the surface hydrophilicity of the 

substrates has to match well to the nanowire surface. This was the reason why the surface 

coating of PVP in the last step of the synthesis process was important. The nanowire 

density on the substrates depends on the rotation speed of the spin-coater, the volume and 

concentration of the CuNW solution. However, spin-coating of nanowires is a wasteful 

process as the majority of the nanowires are spun off the substrates.  

Mayer-rod coating is another technique that can be used to deposit the CuNW on 

various substrates. We used a 5 µm groove Mayer-rod. The Mayer-rod method can be 

applied to many flat surfaces, as long as the size of the substrates is within the size of the 

rod. The nanowire density deposited can be controlled by varying the density of the 

solution used and the dragging speed of the rod.  

For optimum coating efficiency and scalability, we selected spray-coating as the 

deposition method. We modified an airbrush and used it for spray coating the nanowires 

onto the substrates. To deposit the nanowires, glass or plastic substrates were affixed to the 

center of a hot-plate at 60 °C; the heated substrates can facilitate solvent evaporation, thus 

achieving homogeneous nanowire distribution. While spraying, the airbrush was placed 10 

cm above the substrate in order to achieve full coverage over the substrate, and the pressure 

in the gas delivery tube was kept at 15 psi to avoid clogging.  

Figures 3.4 (a) and (b) are optical microscope images of CuNW spray-coated on glass 

substrates in toluene (without adding PVP in IPA) and in IPA (with PVP coating). It can 

be seen that in Fig 3.4(a), while the nanowires were spray-coated with toluene as solvent, 
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the nanowires formed isolated patches and the distribution of the nanowires was therefore 

non-uniform. However, once we have coated the nanowires with PVP and changed the 

solvent to IPA, the nanowire distribution homogeneity was seen to have been significantly 

improved, without visible islands of nanowires forming, which is shown in Fig. 3.4(b).  

 

  

Figure 3.4 Optical microscope image of CuNW spray-coated onto glass substrates with 

different solvents (a) toluene and (b) IPA.  

 

Besides the above mentioned methods, which all require annealing to restore the 

electrical conductivity of the deposited thin films, we can also use vacuum filtration to 

collect the nanowires and transfer to various substrates16,65. To use this technique, various 

amounts of nanowire solution were pipetted into a vacuum filtration funnel, and deposited 

homogeneously on the filter membrane via suction. Then the filter was removed from the 

setup and pressed against a substrate. Typically, the pressure was applied for 30 seconds 

before the filter was removed from the substrates, and the nanowire film was transferred. 

The benefit of this transfer method is the freedom in substrate selection, as the recipient 
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substrate can be almost arbitrary since the nanowire treatment can be processed prior to the 

transfer. This will be discussed in detail in Section 3.4.  

 

3.4 Annealing Process and Electrical Characterizations 

As we mentioned earlier, the coated nanowires cannot make direct contact with one 

another due to the PVP coating. Therefore, an annealing step is required following the 

deposition, and it is intended to remove the organic coating as well as to sinter the wire-

wire junctions to improve the overall surface conductivity. We have attempted with three 

different methods: (1) thermal annealing; (2) plasma treatment; and (3) acid washing.   

Thermal annealing is the most commonly used technique to remove the organic 

coating, as well as to sinter the nanowires.  Once the PVP-coated nanowires were deposited 

on the substrates, they were placed in a tube furnace with slow flow of forming gas (5% 

H2 + 95% N2). The hydrogen content in the forming gas reduces the partially oxidized 

copper nanowires at high temperature, thus restoring the electrical conductivity. In order 

to determine the optimum temperature for annealing the nanowires, several samples were 

placed in the tube furnace, and the temperature was slowly raised to various temperatures 

(100 – 300 °C) and kept for 1 hour. Figure 3.5 is a plot of sheet resistance values (Rs) versus 

annealing temperature for CuNW on glass substrates. When the CuNW samples were 

annealed at temperatures lower than 150 °C, the electrical conductivity cannot be restored, 

which is in agreement with the known melting temperature of PVP (150 °C). If the 

annealing temperature was kept at 150 °C, the PVP coatings starts to disappear and the 

conductivity can be partially restored, with Rs = 50 Ω/sq.  When the CuNW samples were 
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annealed at 200 °C, they were seen to have the lowest Rs value under 10 Ω/sq, while the 

nanowire density was constant.  

 

 

Figure 3.5 Sheet resistance versus annealing temperature for CuNW on glass substrates. 

 

To understand the restoration of the electrical conductivity of the CuNWs, we used 

atomic force microscope (AFM) to profile the nanowire-nanowire junction prior and after 

the annealing process and compared the heights. From Fig. 3.6 (a) and (c), it is seen that, 

for un-annealed nanowire-nanowire junctions, the height of the junction (red line scan) is 

roughly the sum of the two individual nanowires (black line scan), with Hjunction = 93 nm 

and Hwire1 = 35 nm, Hwire2 = 61 nm. This indicates that the nanowires were simply stacking 

on each other without sintering, therefore not electrically conductive. However, when the 

sample was annealed at 200 °C in forming gas for 1 hour and imaged with AFM, which is 

shown in Fig. 3.6 (b) and (d), the height of the nanowire junction (65 nm) is only slightly 

higher than each of the individual nanowires (61 nm and 45 nm). The reduced height at the 

joint means that the nanowires were partially melted and sintered together, allowing the 
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nanowires to connect via ohmic contact, thus reducing inter-nanowire electron scattering 

and improving the electrical conductivity of the entire CuNW network.  

On the other hand, the annealing temperature cannot exceed the melting temperature 

of the nanowires. Nano-materials, depending on their size and geometry, typically have 

lower melting temperature than their bulk counterpart67. As it was seen in Fig. 3.5, when 

the annealing temperature exceeded 200 °C, the resultant sheet resistance was slightly 

increased. If the temperature was over 300 °C, the CuNW samples became non-conductive 

again, due to the melting and deformation of nanowires. Figure 3.7 is an SEM image of 

nanowires annealed at high temperature (~ 350 °C), where it can be seen that the nanowires 

were broken up and discontinued.  

 

   

Figure 3.6 Atomic force microscope (AFM) images of (a) un-annealed nanowire junction and 

(b) annealed nanowire junction. And height scan profiles corresponding to the line-scans 

(black/red) for (c) un-annealed junction and (d) annealed junction. 
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Figure 3.7 SEM image of CuNW annealed at high temperature (~ 350 °C) and broken up. 

 

Instead of thermally annealing the nanowires to remove the organic coating as well 

as to sinter the nanowire-nanowire junctions, one can also expose the samples to a plasma 

stream. We prepared a series of CuNW on glass samples and placed them in a PLASMA-

PREEN-II-862 cleaning system. The plasma exposure lasts for 2 minutes under low 

pressure ambient air atmosphere (< 5 Torr). Figure 3.8 is a plot showing the optical 

transmittance T at 550 nm versus sheet resistance Rs for the samples. It can be seen that the 

optical transmittance of the CuNW TCEs decreased as the sheet resistance Rs decreased. 

But when comparing the two annealing techniques, plasma treatment is nearly as effective 

as thermal annealing in forming gas. In many cases, the plasma-treated CuNW samples 

have the same sheet resistance Rs but slightly lower transmittance. However, considering 

that the plasma annealing takes much less time to process, and it is independent from 
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special gas atmosphere (forming gas or other reducing gas), it should be used in most 

fabrication processes.  

It is important to mention that the plasma treatment process has the same adverse 

effect as thermal annealing, if the exposure time surpasses the optimum. When 

glass/CuNW samples were exposed in the plasma stream continuously over 3 minutes, the 

nanowires were again broken up and yielded the TCE non-conductive, very similar to what 

was shown in Fig. 3.7. 

 

 

Figure 3.8. Optical transmittance (T550) versus sheet resistance (Rs) of CuNW on glass 

substrates for both thermal annealing in forming gas at 200 °C and plasma treatment. 

 

For CuNW thin films filtered and transferred, the substrates selection is arbitrary 

since the nanowire treatment can be processed prior to the deposition. To do so, 14 % nitric 

acid was mixed with the CuNW dispersion at 1:10 ratio. The mixture was shaken and 

settled for 30 seconds before filtration. The nitric acid will remove the access organic PVP 
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coating on CuNW surfaces and restore the overall film conductivity. The filtered CuNW 

network can then be transferred to glass or flexible substrates by flipping and applying 

pressure. Figure 3.9 are optical microscope images of CuNW filtered and transferred to 

glass substrates with different nanowire density.  

 

 

Figure 3.9 Optical microscope images of CuNW on glass substrates using filtration and 

transfer technique. (a) T = 14%; (b) T = 33%; (c) T = 54%; (d) T = 78%; (e) T = 82%; (f) T = 

85%.  

 

3.5 Absorption and Optical Transmittance 

To study the absorption properties of the synthesized CuNW, we diluted the CuNW 

dispersion in IPA and transferred it into a glass cube vial, a control sample of pure IPA was 

used to set a baseline. Figure 3.10 is the absorption profile of the CuNW. It can be seen 

that the absorption of the nanowires decreases with wavelength, but with a small peak at 

around 600 nm. This measurement is in good agreement with the original work by Guo at 
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al16.  The inset in Fig. 3.10 is a photograph showing the reddish color of the CuNW 

dispersed in IPA. 

 

 

Figure 3.10 Absorption spectrum of CuNW solution corrected with solvent absorption. The 

inset is a photograph of CuNW dispersion in IPA.  

 

As mentioned earlier in the introduction section, the light transmission mechanism 

of metallic nanowires is fundamentally different from ITO. For the nanowire-based TCEs, 

the thin and long geometry of the nanowires help form a porous network, and light pass 

through the regions where the substrates are not occluded. Therefore, the optical 

transmission of metallic nanowire based TCEs is typically more neutral to all wavelength, 

as oppose to ITO which is opaque in the infrared range. Figure 3.11 is the optical 

transmittance and haze spectrum for CuNW on glass substrates (Rs ~ 25 Ω/sq).  It can be 

seen that the optical transmittance of the glass/CuNW sample has T ~ 88% at 550 nm, and 

appeared fairly neutral across the entire visible wavelength range. We also measured the 

haze of the sample, using an integrating sphere (see APPENDIX B), and the result is also 
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shown in Fig. 3.11. The low haze is desired for many applications such as displays. In other 

applications that can benefit from more scattering, higher haze may be desirable.  

 

 

Figure 3.11 Optical transmittance and haze of CuNW on glass substrate. The inset is a 

photograph of the corresponding CuNW on glass substrate placed over OSC logo.  

 

3.6 Flexibility of Copper Nanowires 

The synthesized CuNW can be deposited on not only glass substrates, but also plastic 

supports. Recently, more and more focus has been given to flexible TCEs, since they are 

used in many new generation opto-electronic devices. The nanowires are very flexible in 

nature due to their long and thin geometry. When they are deposited on appropriate 

substrate, flexible TCEs can be fabricated16,18,62,68. We selected polyethylene naphthalate 

(PEN) as our substrate choice since it can survive a moderate annealing temperature (< 180 

°C). We can either spray-coat the PEN substrate and anneal it at 160 °C to partially restore 
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the conductivity, or else we can use the filtration and transfer method to deposit the CuNW 

thin film. For CuNW directly deposited on the PEN substrates, we bent the sample 100 

times with a bending radius of 5 cm, and the relative sheet resistance change compared to 

the original value R0 is plotted in Fig. 3.12. As it is seen, the resistance remained stable 

within 1000 times of bending, showing the flexibility of the CuNW on PEN.  

 

 

Figure 3.12 Normalized sheet resistance R/R0 for CuNW deposited on PEN substrates versus 

number of bending cycles. 

 

3.7 Conclusions 

We synthesized ultra-high aspect ratio copper nanowires via a solution process, these 

nanowires have average length of 75 µm and average diameter of 45 nm, which 

corresponds to a ultra-high aspect ratio of ~ 1600. The synthesized CuNW were deposited 

on rigid glass or flexible substrates to form a homogeneous percolating network. The 

nanowires were then annealed by thermal annealing in a reducing atmosphere or under 

plasma exposure. The fabricated CuNW TCEs have high optical transmittance T > 87% 
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and excellent Rs = 22 Ω/sq on glass substrates, making it comparable to industry standard 

ITO.  
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CHAPTER 4:  

COMPOSITE TRANSPARENT CONDUCTIVE ELECTRODES 

 

4.1 Introduction 

In Chapter 3, we discussed the synthesis and fabrication of CuNW TCEs. Although 

these CuNW TCEs have excellent optical transmittance and low sheet resistance, which 

are the most basic requirements for functioning as TCEs, they still face many more 

challenges when integrated in real devices. First, the nanowire based network has an 

uneven surface profile, making it difficult to integrate into thin film based devices20,69. The 

voids and valleys in the nanowire TCEs will create local thinning of other functional layers, 

thus resulting in device shunting or shorting. Second, the resistance of copper degrades 

when exposed in heat or moisture, especially with the significantly larger surface area of 

nanowire form of copper65.  Last but not least, the adhesion strength between CuNW and 

the substrates are usually weak, making the TCEs subject to scratches, and impossible to 

deposit certain functional layers atop.  

In this chapter, we are going to discuss composite electrodes based on CuNW TCEs. 

These electrodes are CuNW/PEDOT:PSS composite electrodes for surface roughness 

reduction; CuNW/rGO composite electrodes for stability enhancement; and 

CuNW/ZnO/rGO composite electrodes for adhesion enhancement as well as life-time 

improvement. All of the CuNW composite electrodes exhibit similar optical and electrical 

performance compared to bare CuNW TCE, while each of them has specific strength and 

can lead towards different applications.    
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4.2 Copper Nanowires and PEDOT:PSS Composite Electrodes 

It is well known that the surface roughness of the electrode is an adverse factor in 

many opto-electronic applications69,70. With the CuNW TCE, since the nanowires form a 

network by stacking on top of each other, the wire-wire junctions are significantly elevated 

above the voids in between nanowires. This rough morphology of the nanowire network 

can result in local thinning of any active or passive layer that is subsequently deposited 

over the metallic nanowire network, which leads to shunting or shorting. In order to reduce 

the surface roughness of our CuNW TCEs, the voids between nanowires should be filled. 

This can be achieved by either coating the CuNW with an additional thin film which has a 

stronger adhesion to the substrates, or by transferring the CuNW into a ‘base’ thin film for 

embedment. In both cases, the thin film material should be reasonably conductive so that 

it will not have adverse effect towards the sheet resistance of the composite electrodes. 

Poly(3,4-ethylenedioxythiophene) Polystyrene Sulfonate (PEDOT:PSS) is a conductive 

polymer that has high electrical conductivity (up to 4000 S cm-1
 when appropriately treated 

with concentrated sulfuric acid) and excellent optical transmittance. We adopted a transfer 

method similar to what Gaynor et al. have done with AgNWs69, to embed the nanowires in 

the polymer PEDOT:PSS thin film. This hybridization of CuNW and PEDOT:PSS resulted 

in reduction of surface roughness, while kept the high optical transmittance and low sheet 

resistance of the composite TCE. 

To fabricate the composite TCE, pre-annealed CuNW films were deposited onto a 

different glass or polyethylene terephthalate (PET) substrate, and they were embedded in 

the conductive PEDOT:PSS film; detail for the deposition and transfer process can be 

found in APPENDIX A. The schematic of the transfer process is shown in Fig. 4.1. CuNWs 
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were spray-coated onto a glass substrate and, subsequently, plasma treated under 

previously described conditions. Typically, films of plasma-treated CuNWs had T550 = 

87% and sheet resistance Rs = 23.1 ± 4.8 Ω/sq. As a receiving layer, PEDOT:PSS was spin-

coated onto a glass or a PET substrate, and subsequently dried by spinning at 5000 rpm for 

15 seconds. Typical PEDOT:PSS thin films used in this work have thickness ~70 nm 

(measured with a profilometer). The sheet resistance of the readily deposited PEDOT:PSS 

film, being greater than 500 kΩ/sq, is therefore negligible as a contributing factor to the 

final conductivity of the composite electrode. The pre-annealed (percolated) CuNW 

network was finally transferred onto the PEDOT:PSS film under the ~20 MPa pressure of 

a shop press. The transfer process has nearly a 100% yield, meaning that all of the 

nanowires from the donor substrate were transferred to the target substrate, see Fig. 4.2. 

After complete transfer, the PET/PEDOT:PSS/CuNW samples had a sheet resistance of Rs 

~ 25 Ω/sq, consistent with those of bare CuNW networks. 

 

Figure 4.1. Schematic depiction of the transfer process for spray-coated CuNWs to a spin-

coated PEDOT:PSS film using the “flip and press” method. The photographs below the 

diagram show, from left to right, (i) CuNWs on a glass substrate, (ii) PEDOT:PSS film on a 

PET substrate, and (iii) hybrid TCE on a PET substrate. In each case, the OSC and QU logos 

are placed beneath the substrate in order to allow visual comparison of the samples’ 

transparencies. 
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Figure 4.2 Optical microscope image of CuNW on a donor substrate. 

 

 Figures 4.3 (a) and (b) are the cross-sectional SEM images of the transferred CuNWs 

on PET substrates without and with the PEDOT:PSS thin film. In the absence of the 

PEDOT:PSS receiving layer, it is easy to observe nanowires sticking out of the plane of 

the sample (Fig. 4.3a). . In contrast, when CuNWs are transferred onto the PEDOT:PSS 

layer, the cross-sectional profile becomes cleaner and shows fewer nanowires sticking out 

of the surface (Fig. 4.3b). The reduction of the surface roughness can also be seen from 

SEM images taken at a viewing angle of 5° (see Figs. 4.3c and d). Whereas in Fig. 4.3(c) 

spray-coated CuNWs on a glass substrate can be identified individually, especially at the 

junctions, a smoother and more homogeneous surface is seen to have been obtained in Fig. 

4.3d when the CuNWs are transferred onto a PEDOT:PSS layer on a PET substrate. 

Furthermore, PEDOT:PSS is widely employed in organic electronics applications as a 

buffer layer between those of ITO and the active materials to improve contact and charge 

injection. Therefore, we chose to employ PEDOT:PSS as a receiving layer to improve both 

the smoothness as well as integration with active materials for future device explorations.  
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Figure 4.3 (a) Cross sectional SEM view of CuNWs transferred to a bare PET substrate, 

showing numerous nanowires sticking out of the plane of the substrate; (b) Cross sectional 

SEM view of CuNWs transferred to a spin-coated PEDOT:PSS film atop a PET substrate; 

hardly any nanowires are seen to be sticking out of the plane in this case. (c) Angled SEM 

image of spray-coated CuNWs on a glass substrate; (d) Angled SEM image of CuNWs 

transferred onto a thin film of PEDOT:PSS atop a PET substrate. 
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Figure 4.4 (a)Surface profiles of spray-coated CuNWs on a glass substrate; and (b) Surface 

profiles of PEDOT:PSS/CuNW thin film exhibiting substantially reduced roughness. Different 

colors represent different scans. 

 

    Surface profilometer was used to measure the surface roughness of our samples; 

multiple scanning locations are randomly chosen on each sample and each scan covers 1 

mm length. The results of these measurements are plotted in Fig. 4.4. The spray-coated 

CuNWs on glass exhibit rougher surface profiles, with arithmetic average roughness Rave 

= 57.28 nm and root mean squared roughness RRMS = 73.93 nm averaged over the 3 scans. 

Many peaks are seen due to the rough surface morphology of the nanowire network. Figure 

4.4 (b) is the surface profile plots of PEDOT:PSS/CuNW thin film, which is seen to be 
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much smoother compared to the CuNW scans. The surface roughness values for these 

PEDOT:PSS/CuNW sample scans are Rave = 17.4 nm and RRMS = 25.8 nm. Therefore, the 

transfer of CuNWs into PEDOT:PSS have reduced the surface roughness considerably, 

which is a crucial feature for thin-film device integration. Moreover, the originally non-

conductive regions between the nanowires are now filled with the conductive polymer 

material, and the overall charge collection efficiency for devices can be significantly 

improved. Additionally, since the mechanical transfer process does not involve any thermal 

or chemical treatment of the recipient substrate, this technique can be used with different 

substrates (rigid glass substrates or flexible plastic substrates), and resulting in almost 

substrate-independent values of sheet resistance. This approach is invaluable for achieving 

the high performance TCE on flexible, plastic supports. 

 

 
Figure 4.5 (a) Optical transmittance spectrum and haze of a PEDOT:PSS/CuNW sample on a 

PET substrate. The inset shows a photograph of the corresponding sample placed over OSC 

and QU logos. (b) Sheet resistance versus the number of bending cycles of a typical 

PEDOT:PSS/CuNW film on PET substrate (bending radius ~5 cm). 
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    The fabricated PEDOT:PSS/CuNW hybrid TCE, having high optical 

transmittance and low haze value over the visible spectrum (T550 = 84.2%; Haze < 6% ; see 

Fig. 4.5a) and low sheet resistance Rs ~ 25W/sq, making it suitable for many practical 

applications. A photograph showing the PEDOT:PSS/CuNW on PET substrate exhibit the 

quality of the sample, which is shown in Fig 4.5a inset. To test the mechanical durability 

of the fabricated TCEs on flexible PET substrates, a sample was bent 400 times (bending 

radius 5cm) and its sheet resistance was recorded after every 50 bending cycles; the results 

are plotted in Fig. 4.5b. In the first 300 bending cycles, there was no notable change in Rs, 

indicating the mechanical stability of the fabricated PET/PEDOT:PSS/CuNW TCEs. After 

more than 400 bending cycles, the sample had shown a 30% degradation in Rs value due 

to nanowire breakdown. 

The hybridization of PEDOT:PSS conductive polymer and our synthesized CuNW 

exhibit excellent electrical and optical properties, with T = 84% and Rs = 25 Ω/sq, 

comparable to commercial ITO electrodes. These CuNW/PEDOT:PSS composite 

electrodes can be deposited on arbitrary flat substrates including plastic substrates. More 

importantly, the composite electrodes have reduced surface roughness compared to bare 

CuNW TCEs, which is crucially beneficial in many thin film based opto-electronic device 

applications.  

 

4.3 Copper Nanowires and Reduced Graphene Oxide Composite Electrodes 

A major challenge for CuNW films is they oxidize readily in ambient conditions, 

thus decreasing the surface conductivity of the electrode over time65,71,72. This degradation 

is more pronounced when in damp-heat environments. It is clear that CuNW TCEs’ 
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longevity is subject to heat and moisture content. Passivation of CuNW transparent 

electrodes is therefore critical for practical applications. Even when the TCE is 

encapsulated within a device, due to risk of oxidation or inter-layer impurity diffusion from 

the active layer, it is important to protect the nanowires. In an attempt to create effective 

passivation layers, we used pristine graphene platelets as well as rGO platelets, using the 

deposition methods described APPENDIX A. Although having the best quality, producing 

a large-area sheet of graphene using vapor phase methods can be economically prohibitive 

and requires substantial process optimization. Meanwhile, in situ reduction of GO platelets 

to produce a thin protective graphene layer over our spray-coated CuNWs is both cost-

effective and rapid. The solution process of GO integrates naturally with the processes for 

CuNW.   

    The GO platelets purchased from Graphene Supermarket have lateral size of ~ 5 

µm, with 80% of the platelets being monolayer. GO platelets were separated from the stock 

solvent via centrifugation and dispersed in IPA at a concentration of 0.02 mg/ml. Spray-

coating this suspension of GO yielded a homogeneous and continuous thin film. 

Subsequent reduction of GO is necessary for restoring its electrical conductivity65. After 

spraying CuNWs and GO, the samples were annealed in a forming gas environment at 200 

°C for 1 hour. The reduction of GO could be visually identified by the color change from 

light brown to black. To further investigate the reduction of GO to rGO, Raman shift was 

measured on spray-coated GO thin film and rGO thin film (reduced in the same condition 

described above), and they are presented in Fig. 4.6a. It is seen that the G band peak has 

shifted from 1598 cm-1 to 1591 cm-1 after the reduction. The peak intensity ratio between 

D band and G band is also reduced, indicating the partial reduction of GO to rGO.  
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The optical transmittance versus sheet resistance of the samples plotted in Fig. 4.6b 

shows that CuNW films suffer a loss of about ~4% in transmittance when coated with rGO 

platelets. Despite the loss of optical transmittance, sheet resistances as well as standard 

deviation of measurements have been significantly lowered, resulting in a more uniform 

electrical conductivity across a given sample. The improvement of conductivity is likely 

because of the two-dimensional rGO sheets bridging the gaps between disconnected or 

non-overlapping nanowires, thus creating additional pathways for the conduction electrons 

and reducing electron scatterings between nanowires. 

  

 

Figure 4.6 (a) Raman spectroscopy of GO and rGO thin films. (b) Optical transmittance at 

550 nm versus the sheet resistance of samples of bare CuNW (red) and rGO-covered CuNW 

(blue), both on glass substrates. 

 

Additionally, we imaged the sample with an SEM in order to examine the surface 

coating properties of the rGO on CuNW. The SEM image in Fig. 4.7a shows that nanowires 

are covered with a uniform and continuous rGO coating and all the 2-dimensional rGO 

platelets are seen to be placed flat on the substrate. The rGO coating forms a flat and smooth 

layer atop the underlying CuNW network. Small cracks are observed in the SEM images 
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(for instance, in the yellow circle), and they mainly appear near the nanowire-nanowire 

junctions or along the nanowires. However, it can be seen that the bodies of nanowires are 

typically still coated by the rGO. Overall, the nanowires are completely and 

homogeneously covered by rGO.  

 

 

Figure 4.7 (a) SEM image of CuNWs buried under homogeneous rGO over-coating. Small 

cracks are observed in the marked yellow circle. (b) SEM image of CuNWs spray-coated over 

one or more layers of rGO platelets, i.e. inverse structure.  

 

Interestingly, if we reverse the order of deposition (that is, spray-coat the substrate 

with GO platelets first, followed by CuNWs) and anneal the sample under the same 

conditions (200 °C in forming gas for 1 hour), we find that the sheet resistance is 

considerably lowered while the optical transmittance remains the same. The samples 

prepared in the reversed order show Rs = 5.9 ± 2.1 Ω/sq with T550 = 83.7%, while the normal 

structure (rGO atop CuNW) having Rs = 23 Ω/sq with similar optical transmittance. An 

SEM image showing such a configuration is shown in Fig. 4.7b. It is not exactly clear as 

to what has caused this interesting improvement in conductivity. It is conceivable, of 
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course, that CuNWs form a better ohmic contact with our 4-point probe than does the rGO 

film, hence the lowered values of sheet resistance when the probe is in direct contact with 

the nanowires. 

    The optical transmittance spectra for both CuNW and hybrid CuNW/rGO samples 

with same CuNW density are shown in Fig. 4.8. It is seen that the CuNW and the 

CuNW/rGO hybrid TCE both have relative neutral transmittance over the visible and NIR 

range. It is also notable that the CuNW/rGO sample has slightly higher haze value (~ 6%) 

than the CuNW sample (~ 4%), potentially due to the enhanced scattering by rGO platelet 

edges.   

 

 

Figure 4.8 Optical transmittance spectra and haze of rGO thin film (black) CuNW (red) and 

CuNW/rGO (blue) on glass substrates. The inset shows photographs of the corresponding 

samples placed over OSC logos. 
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To examine the passivation effectiveness of the over-coating rGO layer on CuNW, 

the samples were placed in an enclosed environment with 80% relative humidity at  

80 °C. The sheet resistance values were measured every 12 hours over a course of 48 hours 

and plotted in Fig. 4.9a. No change was observed in the optical transmittance of the samples 

after the harsh environment exposure. However, the sheet resistance of the bare CuNW 

TCE is seen to be nearly doubled, while those of the CuNW/rGO hybrid TCE remains 

essentially the same. Another durability test was carried out in an ambient environment 

over a month. As seen in Fig. 4.8b, there is an increase of Rs for both CuNW and 

CuNW/rGO samples in the first 5 days; afterward, while the sheet resistance of the bare 

CuNW sample continuously increases, over the course of the experiment, the measured 

resistance of the CuNW/rGO degraded much slower. These tests highlight the importance 

of rGO over-coating as an approach to impact the longevity of the CuNW TCE.  

 

 

Figure 4.9 (a) Durability test of CuNW (red) and rGO-coated CuNW (blue) TCEs under with 

80% relative humidity at 80 °C temperature. (b) Durability test of CuNW (red) and rGO-

covered CuNW (blue) TCEs under ambient conditions over the course of 30 days. 
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4.4 Copper Nanowires Embedded in Zinc Oxide Matrix and Protected by rGO  

In section 4.3, we demonstrated that the synthesized CuNWs can be protected by an 

over-coating rGO thin film layer. Although these samples appeared to be electrically and 

chemically more sound and stable, they are not mechanically stable. Neither the rGO 

coating or the CuNW network form a strong adhesion to the substrates, making the films 

easy to suffer from scratching. In certain fabrication processes, functional layers have to 

be deposited on the TCE via doctor-blade coating or roll-to-roll coatings. These coating 

techniques require strong adhesion between the TCE material to the substrate. To examine 

the adhesion properties of our CuNW and CuNW/rGO on glass substrates, we applied a 

simple scotch tape on the sample in attempt to peel off the materials. A set of photographs 

before and after the scotch tape peel test are shown in Fig. 4.10. 

 

 

Figure 4.10 Photographs of bare CuNW and CuNW/rGO samples before and after a scotch-

tape-peel test; yellow boxes indicate the taped areas. 
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It is seen that the right-half of the bare CuNW sample and the bottom-half of the 

rGO-coated sample (inside the yellow box, where the scotch tape was applied) appeared to 

be having higher transparency, since the tape has effectively peeled off and removed the 

copper nanowires from the substrate. A subsequent measurement of sheet resistance also 

confirmed that the portion of the samples within the yellow boxes of Fig. 4.10 had lost their 

electrical conductivity after the removal of the scotch tape.  

To improve the adhesion of our CuNWs to the substrate, we deposited a 

coating/embedding layer of zinc oxide (ZnO) atop the CuNW network via the sol-gel 

deposition method. After the network of CuNWs on a glass substrate was plasma-treated, 

the ZnO precursor was cast onto the CuNWs and made to spread evenly using a spin-coater. 

The hybrid film was then annealed in a forming gas environment at a moderate temperature 

for 1 hour. The CuNW/ZnO film has slightly reduced transmittance compared to the bare 

CuNW sample, which can be readily inferred from the data plotted in Fig. 4.11.  

 

 

Figure 4.11 Optical transmittance (at the wavelength of 550 nm) versus the sheet resistance 

for CuNW samples fabricated on glass substrates, on PEN substrates, and on glass substrates 

while embedded in ZnO. 
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However, the hybrid film now firmly adheres to the substrate, as confirmed by a 

repeated application of the scotch-tape peel test. On a CuNW/ZnO sample deposited on 

glass/PEN substrates, we attempted 5 times scotch tape peel and recorded the sheet 

resistance values. As shown in Fig. 4.12, the CuNW/ZnO TCE is mechanically strong, 

without suffering an appreciable loss of conductivity after five consecutive applications of 

the scotch-tape peel test. This enhancement in adhesion to the substrate was observed for 

both glass and flexible substrates. 

 

 

Figure 4.12 Sheet resistance of CuNW/ZnO samples on rigid glass substrates and also on 

flexible plastic (PEN) substrates versus the number of scotch-tape-peel tests. The embedding 

of the nanowire network within the ZnO matrix clearly improves the adhesion of CuNWs to 

the glass substrate. 

 

By varying the CuNW content, we were able to make CuNW/ZnO TCEs with 

different optical transmittance and sheet resistance values. The T and Rs values of these 
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samples are plotted in Figure 4.13a. It is clearly seen that sheet resistance Rs and optical 

transmittance T have an inverse relationship. Our best CuNW TCE on a glass substrate has 

Rs = 22.4 Ω/sq and T = 88% at a wavelength of 550 nm. For a CuNW network deposited 

on a flexible PEN substrate, the sheet-resistance is seen in Fig.(1a) to have slightly 

increased to Rs = 36 Ω/sq, while the optical transmittance remains essentially the same as 

that for the sample on a glass substrate. To demonstrate the flexibility of the CuNW TCE 

on a plastic substrate, we bent our samples, including CuNW and CuNW/ZnO, on PEN 

substrates with a radius of ~5 mm in multiple cycles of compressing and stretching. As 

shown in Fig.(1b), the sheet resistance of the samples did not change much after 1000 

bending cycles. 

 

 

Figure 4.13 (a) Optical transmittance (at the wavelength of 550 nm) versus the sheet resistance 

for CuNW samples fabricated on glass substrates, on PEN substrates, and on glass substrates 

while embedded in ZnO. (b) Sheet resistance versus number of bending cycles of CuNW and 

CuNW/ZnO samples on PEN substrates. The inset is a photograph of a flexible sample of a 

CuNW TCE on PEN held over the OSC logo.  

 

In order to understand the embedding of CuNW inside the ZnO matrix, we imaged 

the bare CuNW sample as well as the CuNW/ZnO sample on a glass substrate using an 
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SEM. Images were captured in both top-down view and edge view (at 5° grazing angle). 

These images are shown in Fig.4.14. Figures 4.14a and 4.14b show, respectively, the top-

down and edge views of a bare CuNW film deposited on a glass substrate. The CuNWs are 

seen to be elevated slightly above the flat surface of the substrate, which, in all likelihood, 

is the cause for their poor adhesion to the substrate. In contrast, in Figs.4.14c and 4.14d, 

CuNWs are seen to be covered and anchored to the substrate by the ZnO thin-film. 

Specifically, in the top-down view, the CuNW edges are less defined when compared to 

bare CuNW sample, meaning they are covered by a smooth layer, which is then confirmed 

by the edge view in Fig. 4.14d. Additionally, the surface of the hybrid film also appears to 

be smoother. Specifically, in Fig. 4.14d, at the wire-wire junctions, the ZnO film appears 

to have flattened and smoothed the originally elevated surface of the CuNW network.  

With the CuNW network buried under the ZnO thin film, our TCEs are mechanically 

stable and resistant to scotch-tape peel. However, both CuNW and ZnO are known to 

degrade over time in air, and more drastically, in hot and humid environments. As we have 

shown in previous chapters, it is effective using an rGO layer as passivation for improving 

the lifetime of CuNW or ZnO-based TCEs in harsh environments (high temperature and 

high humidity). The carbon atoms in a 2-D graphene sheet are about 1.42 Å apart, while 

the oxygen and water molecules are about 3.5 Å and 2.7 Å in diameter, respectively. That, 

we believe, is the reason why a graphene coating layer prevents the penetration of water 

and oxygen molecules. 
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Figure 4.14 SEM images of bare CuNW and hybrid CuNW/ZnO thin films on glass substrates. 

(a)  Frontal view of a bare CuNW sample.  (b) Edge view (at 5° grazing angle) of the bare 

CuNW film.  (c)  Frontal view of a hybrid CuNW/ZnO thin-film sample. (d) Edge view (at 5° 

grazing angle) of the hybrid CuNW/ZnO sample.  

 

We thus prepared and tested CuNW/ZnO/rGO samples together with unprotected 

CuNW/ZnO samples on both glass and flexible substrates in a controlled environment with 

85% relative humidity at 85 °C for four days. Figure (4a) shows the optical transmittance 

spectra of CuNW, CuNW/ZnO, and CuNW/ZnO/rGO samples deposited on glass 

substrates. Since we are using rGO platelets that have a lateral dimension of several 

micrometers, a stack of several rGO layers is needed to produce a rather complete coverage 
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of the CuNW/ZnO thin film underneath. This explains the loss of optical transmittance 

(upon addition of the rGO layer) that is greater than the typical 2.3% for single layered 

graphene; see Fig. 4.15a. The sheet resistance of the samples was monitored and recorded 

at 12 hour intervals. Figure 4.15b shows the change of the sheet resistance during the four-

day period of the study. It is seen that, while the sheet resistance of the unprotected 

CuNW/ZnO film deteriorates substantially over time, the protected CuNW/ZnO/rGO 

sample remains quite stable, with only a slight increase observed in its sheet resistance 

after four days of exposure to the harsh environment. Since the protective rGO layer is the 

top layer, the protection effect is in place for both glass and PEN substrates.  

 
  

 
 

Figure 4.15 (a) Transmittance spectra of CuNW, CuNW/ZnO and CuNW/ZnO/rGO samples 

deposited on glass substrates. (b) Measured sheet resistance versus the number of days during 

which the samples were exposed to 85% relative humidity at 85 °C. The reduced graphene 

oxide (rGO) coating applied to the CuNW/ZnO film appears to prevent the penetration of 

moisture into the pores and cracks of the ZnO matrix, thereby prolonging the TCE’s lifetime. 
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Figure 4.16 SEM image of a CuNW/ZnO/rGO sample showing embedded CuNWs beneath 

the surface, and wrinkles in the rGO layer in the upper left-hand corner of the imaged area.   

 

Figure 4.16 shows a top-down view SEM image of a CuNW/ZnO/rGO sample on 

glass substrate. While the embedded CuNWs are visible beneath the surface of the ZnO 

film, the rGO platelets are seen to blanket the entire surface of the hybrid CuNW/ZnO 

sample. In the top-left corner of the image, a few wrinkles are visible in the rGO layer.  The 

rGO passivation prevents oxygen and moisture from attacking the nanowires through the 

pores (and occasional cracks) within the ZnO matrix, thereby improving the overall 

stability of the TCE in normal as well as harsh environments. 

 

4.5 Conclusions 

Based on the bare CuNW TCEs, we fabricated three types of composite electrodes. 

First with PEDOT:PSS for roughness reduction, the surface roughness of the 

CuNW/PEDOT:PSS is hugely reduced from the bare CuNW sample, while still exhibiting 

similar performance, with T = 84% and Rs = 25 Ω/sq. Second, the CuNW was hybridized 
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with rGO for stability enhancement. The CuNW/rGO hybrid electrodes have shown 

significantly improved stability in both ambient environment and damp-heat conditions. 

Lastly, ZnO/rGO was coated atop the CuNW to form a new composite TCE. The 

CuNW/ZnO/rGO composite TCEs have both enhanced surface adhesion and improved 

stability, which allows device integration in many fabrication processes. 
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CHAPTER 5 

APPLICATIONS OF COPPER NANOWIRE BASED 

TRANSPARENT CONDUCTIVE ELECTRODES IN DYE-

SENSITIZED SOLAR CELLS 

 

5.1 Introduction 

Dye-sensitized solar cells (DSSCs) were introduced by Gratzel in 199173. The device 

uses natural or synthetic dyes to sensitize a semiconductor material, which typically 

consists of titanium dioxide (TiO2) nano-particles. In a typical DSSC20,74–83, the device is 

usually constructed on a fluorine-doped tin oxide (FTO) or ITO-coated substrate, with the 

TiO2 layer deposited directly atop the FTO/ITO electrode. The TiO2 film is subsequently 

heated at high temperature, then stained with a natural or synthetic dye. The DSSC is 

assembled by sandwiching the anode and the cathode (usually platinum-coated ITO) with 

a thin spacer in between the two electrodes. Finally, a liquid electrolyte fills in the gap 

between the two electrodes to complete the solar cell. Figure 5.1 is a schematic illustration 

of a DSSC. Since their discovery in 1991, DSSCs have drawn heavy attention due to their 

low-cost and ease of fabrication. However, as mentioned earlier, there has not appeared in 

the open literature a detailed analysis of their compatibility with the emerging metal-

nanowire-based TCEs. 
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Figure 5.1 Schematic illustration of a dye-sensitized solar cell. 

 

The particular fabrication process described above has several potential 

compatibility issues with metal nanowire based TCEs. First, the nanowire-to-substrate 

adhesion is not strong enough to withstand the forces exerted on the nanowires while 

depositing the TiO2 layer over the nanowire network. Second, nanomaterials (e.g., copper 

nanowires) typically have a lower melting temperature than their bulk counterparts67, 

thereby limiting the range of annealing temperatures needed for sintering the TiO2 layer. 

Last but not least, the liquid electrolyte can corrode the metal electrodes rapidly, leading 

to device failure.  

Although the nanowire TCEs face many challenges with regard to their integration 

into a DSSC, we believe CuNW-based TCEs share the characteristics of cost-effectiveness 

and ease-of-fabrication with DSSCs. Therefore, we hybridized our CuNW TCEs with other 

materials such as AZO thin-film coatings, platinum thin-film coatings, or nickel coatings. 

Subsequently, we integrated these hybrid electrodes into fully-assembled DSSCs. The 

hybridization has made it possible for CuNW-based TCEs to be used in DSSCs as either 

anodes or cathodes, opening possibilities for the large-scale fabrication of fully-functional 

low-cost devices in the near future. 
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5.2 Copper Nanowires and Aluminum-Doped Zinc Oxide Thin Film Transparent 

Conductive Electrodes as Anodes 

In order to integrate the CuNW-based TCEs into dye-sensitized solar cells (DSSCs), 

a few obstacles must be overcome. First, to incorporate CuNWs into the anode of the solar 

cell, the mesoporous TiO2 layer has to be deposited atop the CuNW thin film. The adhesion 

of CuNWs to the glass substrate is usually not strong enough to withstand the lateral forces 

exerted on the nanowires, irrespective of whether spin-coating or doctor blade coating is 

used to deposit the TiO2 layer. Second, after the TiO2 film is deposited over the CuNW 

thin film, a heating process is required, which usually exceeds the melting point of the 

nano-sized copper materials. Third, regardless of which electrode (i.e., anode or cathode) 

the CuNW TCE is used for, the liquid electrolyte corrodes the CuNWs and degrades their 

electrical performance.  

When CuNW TCEs are integrated as anodes into DSSCs, the nanowire-to-substrate 

adhesion must be strong enough to withstand scotch tape peel tests, and also withstand the 

exerted lateral forces while applying the TiO2 meso-porous layer. In chapter 4, we 

demonstrated the effectiveness of using ZnO coating embedding and anchoring the CuNW 

network on various substrates and adhesion is significantly improved. In this solar cell 

fabrication, we chose aluminum-doped zinc oxide (AZO) thin films instead of ZnO thin 

films. The deposition process is described in APPENDIX A. When meso-porous TiO2 is 

deposited directly on a bare CuNW film, using either spin-coating or doctor blade coating, 

the CuNWs are ripped off from the substrate, rendering the TCE non-conductive. In 

contrast, our CuNW/AZO TCEs are mechanically stable, allowing the deposition and 

staining of the TiO2 layer.  
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After staining, the sheet resistance Rs of the CuNW/AZO film slightly increases to ~ 

30 Ω/sq from the original ~22 Ω/sq. Figures 5.2 is an SEM image of a CuNW/AZO film 

on glass substrate from top-down view. It is seen that the CuNW network is fully embedded 

within the AZO cover layer, thus enhancing the adhesion strength of the TCE to its 

substrate. Figure 5.2 inset is a photograph of a complete CuNW/AZO anode sample stained 

with N719 dye overnight; the blade-coated TiO2 layer has an average thickness of 4.8 µm. 

  

 

Figure 5.2 Top-down SEM image of a CuNW/AZO sample. The inset shows a photograph of a 

CuNW/AZO sample with meso-porous TiO2 deposited and stained with dye in its central region. 

 

 

Figure 5.3 Schematic illustration of the CuNW/AZO dye-sensitized solar cell (DSSC) 

fabrication process. 
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Following the fabrication process shown in Fig. 5.3, a number of complete DSSCs 

were fabricated incorporating the CuNW/AZO anodes. Pt coated ITO substrates were used 

as the cathodes in the fabricated DSSCs. Within a series of fabricated cells, we have 

characterized the photovoltaic performance of the cells under AM 1.5 solar illumination 

using a solar simulator. For CuNW/AZO anodes, we measured the best open-circuit 

voltage (Voc) of 720 mV, and short-circuit current density (Jsc) of 0.96 mA/cm2; the fill 

factor of the cell was 42.5%. The control sample consisting of substrate/ITO/low-

temperature-meso-porous-TiO2/N719 dye/electrolyte/Pt-ITO had Voc = 678 mV and Jsc = 

0.99 mA/cm2. The current-voltage (I-V) measurement results for the cells are shown in 

Fig. 5.4.  

 

 

Figure 5.4 Measured current-voltage (I-V) characteristic of our CuNW/AZO based DSSC. 

The measurements were taken under AM 1.5 illumination. 

 

Although the strengthened adhesion of CuNWs to the substrate enabled the 

subsequent deposition of a TiO2 layer atop the nanowire network, the high-temperature 
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annealing/sintering process was still impossible. Following the low-temperature sintering 

process, we found that the TiO2 nano-particles were not fully sintered. This might explain 

the low current output and inadequate fill factor of the resulting solar cells. Despite the 

lower overall performance of the solar cell, the CuNW/AZO-based cell performance is 

comparable to that of a low-temperature-processed ITO-based sample. We have thus 

demonstrated the feasibility of integrating CuNW-based TCEs as anodes within a DSSC, 

albeit at the lower performance levels associated with the low-temperature annealing of 

TiO2. 

 
5.3 Copper Nanowires Coated with Pt/Ni as Cathodes  

When CuNW-based TCEs are used as cathodes for DSSCs, they will be in direct 

contact with the liquid electrolyte, which is corrosive to CuNWs. Platinum is a good choice 

of material to serve not only as a protective layer for the CuNW grid, but also as the 

catalytic film needed for the solar cell operation76,84. In a first attempt, we deposited the 

platinum coating layer while the CuNW sample was mounted horizontally in the sputtering 

chamber. The samples came out just as electrically conductive, but with lowered optical 

transmittance. We immediately pipetted a drop of the liquid electrolyte on the CuNW/Pt 

sample to test their compatibility. To our surprise, the CuNWs under the platinum coating 

were still attacked by the liquid electrolyte and disappeared quickly. It occurred to us that 

the sub-10 nm Pt thin film may not be adequately covering the CuNW grid, as the diameter 

of individual CuNWs was around 45 nm. The drawing in Fig. 5.5a illustrates that the sides 

of individual CuNWs are still exposed while only the tops are covered by the Pt film. To 

make a continuous Pt coating that would cover the entire CuNW mesh (especially the sides 

of individual nanowires), we mounted our CuNW sample on a 45° tilt mount, and rotated 
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the mount’s orientation by 90° after depositing one layer of platinum, repeating the process 

for all four sides of the CuNW sample. Figure 5.5b is a 2-dimensional illustration of the 

deposition process. By tilting the substrate as described above, platinum was deposited on 

all sides of individual nanowires. Thus, by repeatedly tilting the CuNW sample during 

sputter deposition, complete coverage by the Pt film was achieved. The samples prepared 

with this technique will be referred to as CuNW/4Pt. 

  

Figure 5.5 (a) Two dimensional illustration showing that the platinum thin film coating covers 

only the top portion of the CuNWs. (b) Two-dimensional illustration showing the sputter 

deposition of a platinum thin film while rocking the substrate, which achieves full coverage 

on the top as well as on the sides of the CuNWs. 

 

The CuNW/4Pt samples were used as transparent cathodes to assemble DSSCs. 

When the cells were illuminated from the back side (cathode-side), we measured Voc = 600 

mV and Jsc = 0.6 mA/cm2. When the cells were illuminated from the ITO side, we measured 

Voc = 613 mV and Jsc = 0.68 mA/cm2. Although the performance is not ideal for practical 

applications, we noticed that the life-times of the CuNW/4Pt electrodes had extended to 

several hours compared to the fairly short life-times of bare CuNW TCEs. The possibility 

thus exists for using CuNW-based transparent cathodes in fabricating DSSCs. 

Glass substrate

Sputter	Pt

Sputter	Pt

Glass

(a) (b) 
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In addition to sputtering a metallic layer directly onto the CuNW network, one can 

use a solution process to coat the individual CuNWs of a TCE with a thin metal coating. 

We adopted and modified an electro-less plating method for coating our CuNWs with 

nickel71,85. The details of the process are given in APPENDIX A. Figure 5.6 compares the 

optical transmittance of the bare CuNW and the Ni-coated CuNW samples. The optical 

transmittance of the Ni-coated sample is seen to be lower than that of the bare CuNW TCE, 

but the overall transmittance appears to be more neutral, which can also be seen in the inset 

photographs. The CuNW TCEs have always shown a slight reddish tint, which was also 

seen in its solution form. However, when the CuNWs are coated with nickel, the color 

appeared to be greyish, which is more neutral. Additionally, due to the ohmic contact 

between copper and nickel, the coated samples have lower sheet resistance values, with 

Ni@CuNW sample having 11 Ω/sq.   

 

 

Figure 5.6 Optical transmittance of bare CuNW and Ni-coated CuNW samples. The inset 

shows photographs of the two samples placed on OSC logos. 
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To understand the coating mechanism, we imaged the sample with an SEM. Figure 

5.7a shows an SEM image of the Ni-coated CuNW sample, while Fig. 5.7b shows the 

corresponding elemental mapping of nickel in the area depicted in Fig. 5.7a. It is readily 

seen that the nickel film is coating only the CuNWs, instead of forming a continuous thin-

film on the entire substrate.  

 

 

Figure 5.7 (a) SEM image of Ni-coated CuNW sample. (b) Elemental mapping of Ni in the 

same area as depicted in the SEM image of the sample shown in (a).  

 

The Ni-coated CuNW has enhanced electrical conductivity due to the metal coating; 

it also shows improved resistance to electrolyte corrosion, making it possible to use it as 

cathode for a DSSC. Our fabricated DSSC has a high open-circuit voltage (Voc = 782 mV) 

and a decent short-circuit current-density (Jsc = 3.96 mA/cm2). The fill factor (49.4%) of 

the solar cell is somewhat lower than that of the ITO-based control sample. The overall 

optical to electrical conversion efficiency of the cell is measured at about 1.5%, which is 

considerable for a CuNW-based DSSC. 
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Figure 5.8 Results of the current-voltage (I-V) measurement of our 

ITO/TiO2/N719/electrolyte/Ni-coated CuNW dye-sensitized solar cell. The measurements 

were taken under AM 1.5 illumination. 

 

5.4 Conclusions 

We have synthesized ultra-high aspect ratio CuNWs and hybridized them with 

several other materials to improve the chemical and/or mechanical stability of the resulting 

transparent conductive electrodes. These CuNW based TCEs were then integrated into dye-

sensitized solar cells, which were fully assembled and then characterized. Our fabricated 

solar cells incorporating a CuNW/AZO anode exhibit good open-circuit voltage (720 mV), 

but have a somewhat lower short-circuit current (0.96 mA/cm2) compared to all-ITO dye-

sensitized solar cells. Our CuNW/4Pt samples show significantly improved resistance to 

the detrimental effects of the liquid electrolyte, which rapidly corrodes the bare CuNW 

electrodes. Finally, our Ni-coated CuNW electrodes, which serve as cathodes for dye-

sensitized solar cells, exhibit good open-circuit voltage (Voc = 782 mV) and decent short-



	 85	

circuit current-density (Jsc = 3.96 mA/cm2). Table 5.1 summarizes the performance of our 

fabricated dye-sensitized solar cells that use different electrode configurations.  

 

Table 5.1. Summary of the performance characteristics of various DSSCs fabricated in this work. 

 

It is seen that CuNW-based TCEs have the potential to replace ITO either as anode 

or as cathode in a DSSC, but the overall performance is yet to match that of the original 

ITO-based cells. However, further improvement is expected based on the results of our 

initial attempts in this direction. Needless to say, replacing ITO with CuNW-based TCEs 

on both sides of the solar cell promises the manufacturability of ITO-free dye-sensitized 

solar cells using low-cost copper nano-materials. 

 

  

Anode TCE TiO2 layer annealing Cathode Voc (mV) Jsc (mA/cm2) FF (%) η (%) 

ITO After deposition ITO/Pt 715 5.4 64.9 2.54 

ITO Before deposition ITO/Pt 678 0.99 46.4 0.31 

CuNW/AZO Before deposition ITO/Pt 720 0.96 42.5 0.96 

ITO After deposition CuNW/Pt N/A N/A N/A N/A 

ITO After deposition CuNW/4Pt 613 0.68 N/A N/A 

ITO After deposition Ni-coated CuNW 782 3.96 49.4 1.53 
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APPENDIX A: MATERIALS SYNTHESIS 

A.1 Sol-Gel Deposition and Plasma Treatment of Intrinsic Zinc Oxide, Aluminum-

Doped Zinc Oxide, and Gallium-Doped Zinc Oxide Thin Film Transparent 

Conductive Electrodes 

Zinc Acetate was dissolved in 2-Methoxyethanol at a concentration of 0.5 mol/L, 

while Diethanolamine (DEA), a stabilizing agent, was added at 1:1 molar ratio to zinc 

precursor. This mixture was then stirred at 60 °C for an hour to achieve a homogeneous 

and clear solution, and aged in air for 18 – 24 hours. Before coating, Al(NO3)3 or Ga(NO3)3 

was added to the solution at 0, 1 and 2 atomic percent (at.%) to Zn2+ (e.g. [Al]/[Al + Zn] 

or [Ga]/[Ga + Zn]), and the solution was stirred again and made available for spin-coating 

on glass substrates. One spin-coating cycle consists of spinning at 1000 rpm for 30 s 

followed by spinning at 4000 rpm for 10 s. Upon finishing each spin-coating cycle, the thin 

films were heated at 400 °C on a hot-plate for 10 minutes and gradually cooled down to 

room temperature. (This step is hereby referred to as pre- annealing.) By repeating the spin-

coating and pre-annealing steps, any desired film thicknesses can be achieved. After all 

layers were deposited, the resulting thin film stacks were exposed to low-pressure (< 5 torr) 

air plasma generated by a plasma-cleaner (PLASMA-PREEN-II-862) for various 

durations. Control sample groups were prepared by post-anneal at 600 °C in air for 1 hour 

to observe the differences in film morphologies.  

 

A.2 Reduced Graphene Oxide Coating on AZO and GZO Thin Films 

Graphene oxide (GO) was purchased from Graphene Supermarket. GO is separated 

from the stock solvent via centrifugation and dispersed in IPA at 0.02 mg/ml. The GO 
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solution was spin-coated (at 1000 rpm for 45 seconds) atop our sol-gel deposited and 

plasma-treated AZO and GZO films. Following the spin-coating of GO platelets, the 

samples were annealed in forming gas environment at 180 °C for 1 hour to (partially) 

reduce the GO material. Raman spectroscopy was conducted on GO and rGO deposited on 

glass substrates to determine the partial reduction, with Renishaw’s structural and chemical 

analyzer. 

 

A.3 Ultra High Aspect Ratio CuNW Synthesis 

We adopted the synthesis method from Guo et al.16 and slightly modified the process. 

Briefly, 20 ml of Oleylamine was pipetted into a 50 ml capacity round-bottom 3-neck flask, 

in which solution temperature was precisely controlled by a Glas-Col Digi-II system. 

Subsequently 1.6 mmol Copper Chloride (CuCl2) and 0.8 mmol Nickel acetylacetonate 

(Ni(acac)2) were added to the flask, which was purged with high-purity argon. The mixture 

was vigorously stirred and kept at 80 °C for 30 minutes to achieve a full dissolution that 

had a dark blue color. After achieving the full dissolution of the chemicals, the magnetic 

stir bar is removed from the flask. The removal of stir bar is critical to successful synthesis 

since Nickel is ferromagnetic, and the presence of stir bar will interfere with the nanowire 

growth. The temperature was then ramped up to 175 °C to initiate the anisotropic growth 

of copper nanowires. In the first 30 minutes, the color of the solution turned into dark 

red/brown, indicating the reduction of copper. This reaction continued for at least 10 hours 

(sometimes over 20 hours to ensure higher yield), during which high-purity argon was 

constantly purged into the flask. During the reaction, the solution underwent color changes 

from dark blue to clear brown to opaque red. After the reaction was completed, the red 
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suspension was allowed to cool down to room temperature naturally by terminating the 

heat source. Subsequently, excess volume of hexane was poured into the flask to precipitate 

the nanowires from the solution. Copper nanowires were then separated from the solvent 

via centrifugation (6000 rpm, 15 minutes, at least 3 times), followed by dispersing in an 

IPA solution containing 1wt% PVP. Finally, the nanowires were washed again and stored 

in IPA.  

 

 

Figure A.1. The CuNW synthesis undergoes color change from dark blue to clear brown to 

opaque red. 

 

 

  

Figure A.2 SEM images of the synthesized CuNW for diameter analysis. 
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A.4 Fabrication of CuNW/PEDOT:PSS Composite Electrodes 

PEDOT:PSS modified with 5 wt% Dimethyl Sulfoxide (DMSO) was used to spin-

coat flexible PET substrates.17 Prior to deposition, the PET substrates were plasma cleaned 

for 20 seconds to improve their hydrophilicity. Typically, 0.4 ml of DMSO modified 

PEDOT:PSS was pipetted onto the substrate and spun at 2000 rpm for 40 seconds, followed 

by 4000 rpm for 15 seconds to dry the film. 

    To fabricate the PEDOT:PSS hybrid films, a pre-annealed (plasma-treated) CuNW 

film on a glass substrate was placed facing down onto the PEDOT:PSS layer. The CuNW 

film was subsequently transferred and embedded into the PEDOT:PSS layer by applying a 

pressure of ~20 MPa using a shop press. The pressure was applied for at least 10 seconds 

before lifting the upper substrate.  

 

A.5 Fabrication of CuNW/Reduced Graphene Oxide (rGO) Hybrid Thin Films  

Graphene oxide (GO) was purchased from Graphene Supermarket. GO is separated 

from the stock solvent via centrifugation and dispersed in IPA at 0.02 mg/ml. The IPA 

suspension was spray-coated onto a CuNW film (prior to annealing the CuNWs) under the 

same spraying conditions as described earlier. The samples were then annealed in a 

forming gas environment at 200 °C for 1 hour.  

 

A.6 Fabrication of CuNW/ZnO/rGO Composite Electrodes 

The zinc oxide (ZnO) precursor is prepared by mixing diethanolamine, zinc acetate 

and 2-methoxyethanol. The precursor mixture was vigorously stirred to achieve a 

homogeneous solution. Before deposition, the solution was aged for at least 24 hours. 
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Subsequent to aging, the ZnO precursor solution was pipetted onto the CuNW samples and 

spun at 1000 rpm for 45 seconds, followed by another round of spinning at 4000 rpm for 

15 seconds. After the deposition, the CuNW/ZnO thin film was annealed in a forming gas 

environment (95% N2 + 5% H2) at a moderate temperature for 1 hour. 

GO was spin-coated on bare CuNW TCEs for purposes of comparing their scotch-

tape-resistance, and also for passivation of CuNW/ZnO thin films. The spin-coating 

parameters were the same as those used for coating ZnO thin films. After the GO 

deposition, the samples were annealed in a forming gas environment at 250 °C for 1 hour, 

which resulted in partial reduction of the graphene oxide platelets. 

 

A.7 Pt-coated CuNW Thin Films 

For direct deposition of platinum, our plasma-treated CuNW thin film samples were 

mounted on a flat SEM stub. For optimized nanowire surface coverage, the CuNW samples 

were mounted on 45° stubs. After sputtering a thin layer of platinum, the mount was rotated 

and a second layer of platinum was sputtered on the sample. This process was repeated 

until a thin coating of platinum covered all the exposed sides of the CuNWs.  

 

A.8 Ni-coated CuNW Thin Films 

The Ni-coating process is adopted from Rathmell et al[25] with some modification. 

Plasma-treated CuNW samples were placed in a beaker with 3 mL ethylene glycol. Nickel 

acetylacetonate (0.1 M, 0.01 mL) and NaOH (0.03 M, 0.03 mL) were added to the solution 

while keeping the temperature at 100 °C. Finally, hydrazine solution (35 wt%, 0.157mL) 
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was added to the mixture. The Ni-coated CuNWs were taken out of the solution after 5 

minutes and rinsed with IPA and dried with Nitrogen gas.  

 

A.9 Fabrication of Dye-Sensitized Solar Cells 

For anodes containing CuNWs, TiO2 nanoparticles (P25, Sigma-Aldrich) were 

transferred into a glass vial and heated at 500 °C in an oven. During the heating process, 

the nano-particles undergo the color change “white-yellow-white”, which is also seen in 

their thin-film form while annealing. The heated P25 nanoparticles were then dispersed in 

ethanol (4:7) to form the ‘paste’, which is subsequently used to deposit on the CuNW/AZO 

TCEs via doctor blade coating.  

For ITO-based anodes, conductive ITO glass slides purchased from NEWView 

electronics were used (Rs = 7 Ω/sq and T = 77%). Non-heated P25 nanoparticles were 

dispersed in ethanol (4:7) to form the paste for blade coating. After the TiO2 mesoporous 

layer was deposited on the ITO, the anode was heated on a hot-plate at 400 °C for 15 

minutes.  

The anodes (either ITO-based or CuNW-based) were then immersed in a staining 

chamber which contained 0.5 mM cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-

dicarboxylato) ruthenium(II) bis(tetrabutylammonium) dye (also known as ‘N719’) in 

ethanol. The dyeing process typically lasted several hours. 

In order to assemble the DSSC, a 0.13 mm thick square spacer is placed between the 

two electrodes. Once the anode and cathode are aligned, the EL-HPE high performance 

electrolyte (791482, Sigma-Aldrich) is filled into the spacer to complete the fabrication 

process of the solar cell. 



	 92	

APPENDIX B: CHARACTERIZATION TECHNIQUES 

B.1 Sheet Resistance Measurements 

For localized measurements, we used a commercial SRM-232 surface resistivity 

meter. The SRM-232 has measuring range of 0 – 2000 Ω/sq, and accuracy of 0.1 Ω/sq. The 

four round probes are closely separated and therefore can only measure localized sheet 

resistance. Figure B.1 (a) is a photograph of SRM-232 surface resistivity meter in 

measurement. 

 

  

Figure B.1 (a) SRM-232 surface resistivity meter. (b) Photograph of customized 4-probe 

electrode and Keithley source-meter setup. 

 

However, in many other cases, the sheet resistance is higher than 2000 Ω/sq, 

especially in the cases of thermally annealed ZnO and doped ZnO thin films; in addition, 

measurements across the sample area rather than within localized region are usually more 

desirable. Hence we developed a customized 4-probe system for larger range and size of 

measurements. Figure B.1 (b) is a photograph of the customized 4-probe electrode 

connected to a Keithley 2400 source-meter unit.  

 

(b) (a) 
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B.2 Absorption and Optical Transmittance Measurements 

The absorption and optical transmittance spectra were measured using Cary-3000 

UV-Vis-NIR spectrophotometer. Specifically, the absorption of CuNW was measured by 

using a cube glass vial with CuNW solution in IPA, with pure IPA as baseline, using a one-

beam configuration. Optical transmittance spectra were measured using two-beam 

configuration, with a blank substrate mounted in the reference beam. Another blank 

substrate was placed in the measurement beam to set the baseline. 

 

B.3 Haze Measurements 

To measure haze of the thin films, we used an integrating sphere with light trap and 

white standard. SuperK COMPACT supercontinuum white light laser (450 – 2400 nm) was 

used as light source and Ocean Optics USB4000 Spectrometer as detector. By changing 

between bare substrate and sample substrate, as well as light trap and white standard, we 

can get four different measurements from the detector and calculate the haze values of the 

samples. Figure B.2 is a schematic illustration of the integrating sphere layout.  

 

Figure B.2 Schematic illustration of integrating sphere layout. 
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Table B.1 Objects placed at integrating sphere ports.  

 

 

 

 

Then the haze can be calculated according to: 

𝐻𝑎𝑧𝑒 =
𝑇,
𝑇-
−
𝑇/
𝑇0

×100% 

 

B.4 Other Equipment  

Scanning electron microscope (SEM, Hitachi S-4800 Type II) was used to examine 

the samples. Cross-sectional SEM images were captured by mounting the substrate 

vertically, while grazing-angle SEM images were captured by mounting the samples 

vertically and tilting the stage by 5°. Atomic force microscopy (AFM) was used to study 

the surface morphology of synthesized materials and fabricated thin films. Raman 

spectroscopy for GO and rGO was acquired with Renishaw’s structural and chemical 

analyzer. A Vecco DEKTAK 150 profilometer was used to measure the surface profiles of 

the PEDOT:PSS/CuNW films. 

  

 A B 
T1 Blank substrate White standard 
T2 Sample White standard 
T3 Blank substrate Light trap 
T4 Sample Light trap 
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APPENDIX C: INTERFERENCE SIMULATION OF ZINC OXIDE THIN FILMS 

To investigate the interference behavior of the thin films, we simulated the optical 

transmittance spectrum. We define d and n are the thickness and refractive index of the 

ZnO and AZO thin films, respectively. The substrate has very large thickness compare to 

the thin films we are studying and the refractive index of it is ns. Assuming the surrounding 

air has refractive index of unity and R1, R2 being the reflection at air/film and film/substrate 

interfaces. We then can calculate the transmittance of the thin films due to interference: 

 

𝑇 𝜆 = 	𝑇6 𝜆 − 2 𝑅0𝑅-cos	[𝛿(𝜆)] 

𝛿 𝜆 = 	2𝜋×
2𝑛 𝜆 𝑑
𝜆 + 𝜋 

𝑅0 = 	
(𝑛 − 1)- + 𝑘-

(𝑛 + 1)- + 𝑘- 

𝑅- =
(𝑛" − 𝑛)-

(𝑛" + 𝑛)-
 

 

where k is the extinction coefficient of the thin film, T0 is the transmittance without the 

interference effect. The absorption coefficient 𝛼 = ,FG
H

. Also, we have: 

𝛼 𝜆 = 	
1
𝑑 ln	(

𝐴
𝐵
1
𝑇6
) 

 

where A = 16n2ns and B = (1+n)3(ns
2+n). 

 

The refractive index of the thin film (ZnO) can be found by applying the Sellmeier 

equation:  
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𝑛- 𝜆 = 	𝐴 +	
𝐵𝜆-

𝜆- − 𝐶- +
𝐷-

𝜆- − 𝐸- 

with: 

 

Table C.1. Fitting parameters for Zinc Oxide  

A B C D E 
2.0065 1.5748 x 106 1 x 107 1.5868 260.63 

 
The extinction coefficient can be found with: 

𝑘 𝜆 = 	𝐹G𝜆𝑒
QRS(

0
TS

Q0H) 

 

Table C.2. Cauchy parameters for Zinc Oxide 

Fk(nm-1) Gk(nm) Hk(nm) 
0.0178 7327.1 337.87 

 

The refractive index of the substrates (BK7) can be calculated from the Sellmeier equation: 

𝑛"- 𝜆 = 1 +
𝐵0𝜆-

𝜆- − 𝐶0
+

𝐵-𝜆-

𝜆- − 𝐶-
+

𝐵/𝜆-

𝜆- − 𝐶/
 

 

Table C.3. Sellmeier coefficients for BK7 glass  

B1 B2 B3 C1 (nm2) C2 (nm2) C3 (nm2) 
1.0396 2.3179 x 10-1 1.0104 6.0069 x 103 2.0017 x 104 1.0356 x 108 

 

With the theory background, and taking the film porosity into consideration, we 

modeled the transmittance of the ZnO and AZO thin films deposited. Shown in Fig. 6 are 

the transmittance data measured experimentally and from simulation. It is seen that with 

different thickness of films, the simulations have excellent agreement with the measured 
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data. This simulation confirms the interference behavior of our ZnO thin films, as well as 

revealing a significant fact: Increasing the film thickness does not change the average 

optical transmittance. In the visible range, the absorption coefficient of ZnO is negligible 

compare to the interference loss. This single fact illustrates a very interesting route of 

producing ZnO thin films: We can potentially build up more and more layers with the sol-

gel deposition technique to reduce the sheet resistance of the transparent conductive 

electrode, while not changing the lowest optical transmittance in the spectrum. The only 

thing that would change is the number of periods of the interference effect included within 

the visible-NIR region. And we will soon perform more tests on this top and try to further 

reduce the sheet resistance of the ZnO and AZO samples. 

 

Figure C.1 Measurements (red) and simulations (blue) of the optical transmittance of ZnO 

thin films. a) 3 layers b) 5 layers. 

 

 

  

(a) (b) 
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