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Summary 
Due to the excellent optoelectronic properties of carbon nanotubes, they are considered 

one of the most promising materials for transparent conducting electrodes for 

application in future photovoltaics. In the majority of this Thesis, p-type CNT-based 

transparent conducting films are used to form a heterojunction solar cell with n-type Si.  

Several strategies are used to enhance the performance of such devices. Firstly, it is 

shown that a hybrid film made of CNTs and the conducting polymer, polyaniline, can 

improve the properties of the heterojunction by separating electron-hole pairs more 

efficiently. Secondly, a grid design of front metal electrode dramatically reduces the 

internal series resitance of the CNT based transparent films and thus improves the 

efficiency of the devices. Thirdly, the application of an organic interlayer, spiro-OMeTAD, 

can improve the exciton separation efficiency by suppressing the recombination of 

separated holes and electrons, and thus decreasing the reverse saturation current 

caused from the electrons tunnelling from Si to CNT based films. Fourthly, different 

approaches, including the incorporation of AgNWs with CNT based network and p-type 

doping of the transparent films, are used to improve the optoelectronic properties and/or 

the charge carrier density, which reveals that the hybridisation of CNT based 

transparent conducting film with AgNWs is the best way to improve the optoelectronic 

properties while the increase in the charge carrier density by p-type dopants is more 

important in improving the performance of heterojunction solar cells. Fifthly, a textured 

Si surface is applied instead of a planar Si substrate, in which the surface reflection is 

reduced and the intimate contact area between CNT based electrodes and Si surface is 

improved and both effects contribute to a higher output of photocurrent. 

Though the best performing solar cell in this Thesis is above 13 %, which is one of the 

highest values in the literature, the non-ideal long-term stability of the devices is an 

issue (the oxidation of the silicon always ruins the performance of the solar cells over 

the course of a few days) to be addressed before commercialisation. One potential way 

to solve this problem is to create a different solar cell structure which contains two 

layers of SWCNTs of different chiral species as the light absorbing active layers (without 
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Si layer). Thus, at the end of this Thesis, more than 15 single chiral species have been 

separated by two different methods, gel chromatography and aqueous two phase 

extraction, for future fabrication of a new type of solar cell. 
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Summary 

Transparent conducting films (TCFs) now play an important role in many personal electronic 

devices. Because of the excellent optoelectronic properties, transparent and conductive doped 

metal oxides are widely applied in current industry and the production processes have been 

built on the mature understanding of various materials. However, they have limited 

compatibility with large-scale production (such as roll-to-roll manufacturing) for flexible 

electronic devices that will be important the near future. A great number of studies have 

revealed the unique physical, chemical and optoelectronic properties of carbon nanotubes, 

which make them a potential alternative to doped metal oxides. A detailed analysis of carbon 

nanotube based transparent conducting films is summarised in this Chapter, including various 

fabrication methods, chemical doping effects, and hybridisation with other materials. Insights 

into the optoelectronic properties of the films as well as the potential applications, such as 

photovoltaics, touch panels, liquid crystal displays and organic light emitting diodes are 

provided. In addition, both the merits and shortcomings of carbon nanotube transparent 

conducting films are analysed. 

 

1.1 Overview 

Recently, the market for commercial optoelectronic devices, including touch panels, liquid 

crystal displays (LCDs), photovoltaics and organic light-emitting diodes (OLEDs), has 

expanded significantly and thus the requirement for transparent conducting films is increasing 

rapidly.1 The consumption of TCFs has been led by the LCD industry for years with sales of 

approximately USD 1.5 billion in 2014.2 The commercial market of TCFs in the touch panel 

industry was almost USD 1 billion in 2012, with an anticipated number of USD 5 billion by 

2019.3 A similar market size exists in thin film solar cells whose sales was over 15 billion in 

2017.4  

The most popular and well-studied materials in the field of industrial TCFs are transparent and 

conductive doped metal oxides (TCOs)5-9 that can be both p-type10 and n-type11 

semiconductors. Indium tin oxide (ITO), consisting of tin oxide (SnO2) and indium oxide 

(In2O3), is the most well-known example and has the best performance among different kinds 
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of TCOs.12 However, there are still several issues for ITO though it has excellent optoelectronic 

properties with a low sheet resistance (Rsheet or Rs), ranging from 10 to 100 Ω sq-1 at high 

transmittance (T) above 85 %:13 (a) The cost and scarcity of indium which accounts for 75 % of 

the total mass of ITO.14 (b) Brittleness as demonstrated by cracking under low strain15 which 

results in performance degradation upon cyclic bending.16 Attempts have been made to 

overcome the ceramic nature by laminating ITO onto a flexible substrate, e.g. polyethylene 

terephthalate (PET), or by controlling the ratio of indium and tin. The fact is that these methods 

result in extra manufacturing costs and/or poorer optoelectronic performances.17 (c) Limited 

lifespan: the diffusion of indium into the active layer of photovoltaics and OLEDs occurs under 

certain circumstances, and the corrosion of ITO takes place after being exposed to traces of 

adhesives and acids in the environment.18-20 (d) High production costs: different processes 

have been developed to fabricate ITO films, such as screen printing,21 molecular beam 

epitaxy,22 magnetron sputtering,23 sol-gel techniques,24 and pulsed laser deposition,25 but most 

of these techniques either consume significant amount of energy due to high-temperature 

processing steps or cause the waste of raw materials by inefficient deposition.26 Other 

alternative doped TCOs, including fluorine-doped tin oxides (FTOs), have similar issues as 

ITO.  

Due to these existing issues for TCOs, researchers have been looking for alternative organic-

based materials. When the electrical conductivity of a variety of commonly used polymers, 

including polypyrrole and polythiophene, was improved by the addition of chemical dopants 

(such as diamine green black27 and chromotropic acid disodium salts28), conducting polymers 

attracted attention as an alternative to TCOs. Compared to TCOs, the flexibility and simple 

preparation processes are two most attractive properties of conducting polymer based TCFs.29-

32 However, the instability of their electrical properties when exposed to different stresses 

including humidity, UV light, and high-temperature environments is the major challenge for 

large-scale commercialisation.33-38 Besides, a noticeable blue/green colour exists in thicker 

films,39 which limits their application in display panels. 

Another potential TCF material is metallic nanostructures, such as metal films, conducting 

grids, and metallic nanowires, all of which have been shown to provide better optoelectronic 

properties than TCOs when on certain plastic substrates.40-57 However, a hazy appearance 
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often occurs with these metallic structures, which might be beneficial to various photovoltaics 

but not compatible with display applications.58 Metallic nanoparticles (NPs), commonly made 

from silver, have a similar cost to indium, indicating that there is little financial advantage to 

apply metallic NPs. Furthermore, the chemical, thermal, and aging stability of TCFs made from 

metallic NPs is one major concern, and many reports show fast degradation of the electronic 

properties.59-61 

It is a revolutionary time for materials scientists because there are a wide range of existing 

materials considered as potential suitable alternatives to TCFs, but none of these is currently 

suitable for large-scale, long-term commercial manufacturing. Due to the continuous 

development of new products reliant on TCFs (such as annually upgrading smart mobile 

phones), the expense of materials, performance, and the cost of manufacture will continue to 

be concerns in this burgeoning market. Thus, research into a novel generation of materials for 

TCFs is required. Compared to TCOs and other options, carbon nanotubes (CNTs) have a 

series of merits including the abundance of original material (carbon), excellent inherent 

optoelectronic properties with high flexibility, ease of solution-based processing at room 

temperature, physical and chemical stability, and a wide spectral range of transmittance with a 

neutral color.62 In this Chapter, the properties of CNTs will be summarised first, followed with a 

list of the requirements for TCFs, and then several preparation and modification methods of 

the CNT-based TCFs with an emphasis on their optoelectronic properties will be presented, 

and it will finish with a summary of their applications focusing on photovoltaics, touch panels, 

liquid crystal displays, and organic light-emitting diodes. 

 

1.2 Properties of CNT TCFs 

1.2.1 Properties of CNTs 

CNTs were firstly known as carbon nanofibers or graphite whiskers during the 1950s, which 

then have been the subject of much research since the discovery of their atomic structure by 

Iijima in 1991.63 A single-walled carbon nanotube (SWCNT) is similar to a rolled up, single 

sheet of two-dimensional graphene while the carbon atoms remain in the sp2 hybridised 

network.64 As a result, CNTs have different electronic properties changing from the zero 
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bandgap semimetal of graphene to a mixture of metallic and semiconducting materials 

depending on the rolling angle because of the curvature-induced misalignment of p orbitals in 

the carbon network.65 SWCNTs can be described completely, except for their length, by the 

chiral vector (C) and C is created by choosing two carbon atoms on a single graphene sheet, 

in which one of the two carbon atoms is chosen as the origin (Figure 1.1 (a)). The chiral vector 

is directed from the origin to the other carbon atom on the sheet and is defined by Equation 

1.1, 

C = na1 + ma2          Equation 1.1 

As shown in Figure 1.1 (a), where n and m are integers, and a1  and a2 are the unit chiral 

vectors of the planar graphene lattice (which originate at the same position as C). The 

nanotube diameter, dt, can be calculated from the chiral vector by the following Equation 1.2,66 

𝑑𝑑𝑡𝑡 = 𝐶𝐶
𝜋𝜋
         Equation 1.2 

Equation 1.3 shows the relationship between the electronic properties of the SWCNTs and 

chiral vectors, n and m; if 

|n− m| = 3q          Equation 1.3 

where if q is an integer, the SWCNTs will be a metal species; otherwise, they will be 
semiconducting species.67 The angle between C and the nearest zigzag of C−C bonds is 

specified as the chiral angle, θ (0° ≤ θ ≤ 30°), which determines the wrapping pattern of CNT. 

When θ equals 30°, the SWCNTs (n, n) are known as “armchair” and the SWCNTs (n, 0) are 

“zigzag” if θ is 0°. SWCNTs are called chiral species when θ is between 0 and 30° (Figure 1.1 

(b), with zigzag and armchair structures shown in red). 

Therefore, supposing that all chiral species have the same probability of growth, one-third of 

the CNTs are metallic with two-thirds semiconducting formed in a typical nonselective 

synthesis.68 The energy band gap (Eg, in eV) of the semiconducting species is linked to the 

diameter of the SWCNT, 69 as shown in Equation 1.4, 1.5, and 1.6: 

ṽg (mod 1) = 1 × 10−7 cm−1

157.5 +1066.9dt
− 771 cm−1 [cos (3θ)]1.374

dt
2.272           Equation 1.4 
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ṽg (mod 2) = 1 × 10−7 cm−1

157.5 +1066.9dt
+ 347 cm−1 [cos (3θ)]0.886

dt
2.129           Equation 1.5 

Eg = hcṽg
1.6022×10−19J

          Equation 1.6 

where h is Planck’s constant (6.626 × 10-34 m2 kg s-1), c is the speed of light (3 × 108 m s-1), 

and ṽ𝒈𝒈 (mod 1) is applicable when the remainder of (n − m)/3 is 1, and otherwise ṽ𝒈𝒈 (mod 2) is 

applicable. 

CNTs can also be classified by the number of shells (nshell) with SWCNTs (nshell = 1), double-

walled CNTs (DWCNTs, nshell = 2), and multi-walled CNTs (MWCNTs, nshell ≥ 3), as shown in 

Figure 1.1 (c). The structural stability of DWCNTs is higher than that of SWCNTs, and the 

band structure of DWCNTs is not affected by the interaction between different layers, with the 

potential barrier determined by the chirality pairs.70 Individual MWCNTs with small diameters 

(dt  < 10 nm) perform like an SWCNT, and the interaction between adjacent shells is 

negligible.71 For MWCNTs with large diameters (dt >10 nm), they behave like metals.72 Quasi-

ballistic conduction exists in all shells, and thus electron transport happens in all the shells of 

an MWCNT.73 In terms of TCF applications, the most important transport properties of CNTs 

have been well-studied. Some of the main properties of CNTs are listed in Table 1.1 with 

comparisons to other regular or traditional materials.74-76 Among these, the excellent electrical 

conductivity is the most critical property which provides a solid foundation to fabricate 

conducting transparent thin films. In addition, the amazing thermal and mechanical properties 

broaden its application in the industry as TCF material. However, it is worth pointing that most 

of these attractive properties are highly anisotropic (along its axial direction), which causes 

some challenges for real practical application.77 
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Figure 1.1 (a) A single layer graphene sheet demonstrating that the chiral vector C and 
electronic properties of SWCNTs are affected by different values of the integers. (b) The 
appearance of the SWCNTs is dependent on the direction of the chiral vector C, 
including armchair, zig-zag and chiral structure. (c) “Ball and Stick” schematic of 
single-walled CNT (SWCNT), double-walled CNT (DWCNT), and multi-walled CNT 
(MWCNT) (Images are Made Using Nanotube Modeller (www.jcrystal.com)).  
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Table 1.1 Summary of Properties of CNTs 

Property Value Remarks 

Intrinsic mobility 

Exceeding 
105 cm2 V-1 s-1 for individual 
CNT at room temperature 
and the value decreases 
with the decrease in the 

diameter78-79 

Almost 100 times higher than that of silicon  at 
300 K with dopant concentration at 1017 cm-

3 80-82 

Free carriers 
concentration 

∼ 1017 cm-3  83-84 
Lower than that of graphene (∼ 1020 cm-3) , 

TCOs (∼ 1021 cm-3) and most of metals (such 
as ∼ 1022 cm-3 for silver) 85-86 

Current carrying 
capacity 

Exceeding 109 A cm-2 for 
individual CNT87 1000 times higher than copper 88 

Electrical 
conductivity 104 - 106 S cm-1 89-92 Close to that of some metals, such as 

mercury93-94 
On/Off current 

ratios Higher than 105 95-97 1000 times higher than a bilayer structure at 
room temperature 98 

Thermal 
conductivity Up to 3500 W m-1 K-1 99-101 About 1500 W m-1 K-1 higher than that of 

diamond 102-103 

Young’s modulus 1-2 TPa 104-110 Comparable to that of a single crystal diamond 
at room temperature 111 

Fracture stress 50 GPa 112-114 
∼ 50 times larger than that of steel wires after 

density normalization 115-116 

Surface area 1600 m2 g-1 117-118 Higher than that of activated carbon 
(1200 m2 g-1) 119-120 

 

1.2.2 Characterisation and requirements of TCFs 

1.2.2.1 Figure of merit of TCFs 

The requirement for an ideal transparent conducting film contains two points: a very low sheet 

resistance (or high conductivity) and a very high transmission across a wide range of 

wavelengths. Practically, a 4-point probe (sometimes 2-point conductivity probe) is applied to 

measure Rsheet while the transmittance is estimated by the UV−Vis-NIR absorbance spectrum 

of the TCF. In fact, there is a trade-off between these two factors (Rsheet and T). Thus, in order 

to compare the properties of TCFs among different studies, the two major parameters must be 

combined. Though there are a few proposals, the most commonly used is the ratio of DC 

electrical conductivity (σDC) and optical conductivity (σOP).121 
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De et al. firstly proposed this approach which is useful in evaluating the overall performance of 

CNT TCFs from different groups, as is shown in Equation 1.7 which is rearranged as Equation 

1.8,122 

𝑇𝑇 =  �1 + 1
2𝑅𝑅𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒

∙ �
𝜇𝜇0
𝜀𝜀0
∙ 𝜎𝜎𝑂𝑂𝑂𝑂(𝜆𝜆)

𝜎𝜎𝐷𝐷𝐷𝐷
�
−2

          Equation 1.7 

𝜎𝜎𝐷𝐷𝐷𝐷
𝜎𝜎𝑂𝑂𝑂𝑂(𝜆𝜆)

= 1
2𝑅𝑅𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒

(𝜇𝜇0𝜀𝜀0
)
1
2

𝑇𝑇−
1
2−1

          Equation 1.8 

where T is the transmittance, Rsheet is the sheet resistance, and μ0 and ε0 are the free space 

permeability (4π × 10−7 N A−2) and permittivity (8.854 × 10−12 C2 N−1 m−2), respectively. In order 

to characterise the properties of TCFs, one can either input T, and Rsheet with the σOP value at 

550 nm (150 or 200 S cm−1),123 to calculate σDC or substitute T and Rsheet to calculate the ratio 

of σDC/σOP, in which both T and Rsheet can be measured experimentally to obtain the “figure of 

merit” (FOM). The calculated values can then be used to compare the TCFs reported in the 

different studies. Alternatively, σDC can be directly determined by the film thickness (t) 

(normally estimated by atomic force microscopy (AFM)) with the Rsheet value, as shown in 

Equation 1.9: 

𝜎𝜎𝐷𝐷𝐶𝐶 = (𝑅𝑅𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡)−1          Equation 1.9 

It is worth noting that the σOP is related to the number of shells of the CNT, and thus one can 

only use this equation to compare the films made of the same type of CNTs when σDC is 

applied to compare the properties of TCFs. Furthermore, this formula is founded on two 

assumptions: (1) the film is thin enough so that the wavelength of the incident light is much 

larger than the thickness of the film, and (2) the reflected light is negligible when compared to 

the absorbed fraction. For most CNT films, since both of the conditions are met (specifically, 

the film thickness is generally less than 50 nm and the reflection of CNT films is very low on 

glass or PET substrates)this equation is applicable for comparison. 

The ratio of σDC/σOP is very popular and useful in comparing the properties of TCFs. Higher 

values of σDC/σOP indicate better optoelectronic properties of TCFs. Therefore, the ratio will be 

used to compare TCFs properties from different literature in the following sections. 
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1.2.2.2 Practical requirements of TCFs 

Different applications require TCFs with different optoelectronic performance. For instance, a 

TCF applied in a touch panel requires slight flexibility with high transmittance (above 85%) so 

that it can deform with touch. The Rsheet of a touchscreen can be relatively high (500 Ω sq−1), 

since the working parameters are inductive in most cases. Specifically, the required σDC/σOP is 

about 4.5 after combining these parameters. In contrast, the ideal TCFs used in photovoltaics 

need both low Rsheet and high T to meet the requirement of being transparent as well as 

conductive and achieve high energy harvesting efficiency (as high as 25%). Table 1.2 shows 

the optoelectronic requirements for some potential practical applications.124-130 

Table 1.2 Minimal requirements of CNT TCFs for the practical applications 

Application T Rsheet 
(Ω sq-1) σDC/σOP 

Touch panel 85 % 500 4.5 
LCD screen 85 % 100 22.3 

OLED display 90 % 50 69.7 
Photovoltaic electrode 90 % 10 348 

 

1.2.3. Optical properties of CNT TCFs 

Compared to the other regular TCFs, one of the major advantages of CNT based TCFs is the 

low and featureless optical absorption. Specifically, the detailed UV-vis-NIR spectra of 

commonly used different conductive materials are shown in Figure 1.2 (a),83 including CNT, 

graphene, Ag grids, poly (3, 4-ethylenedioxythiophene)-poly-(styrenesulfonate) (PEDOT:PSS) 

and ITO. Because of the similar chemical structures, the visible and NIR transmittance spectra 

of CNT and graphene films are similar with a minor increase in the transmittance above 

1000 nm. In contrast, the transmittance of the conducting polymer PEDOT:PSS and ITO drops 

significantly above 1000 nm. With increasing wavelength, the reflection of Ag grids increases. 

Thus, the T of the metal grid (Ag grid) starts to decrease in the NIR region.131 One of the other 

advantages of CNT TCFs is the potential to be applied as the electrodes in IR photovoltaics 

since the charge carrier density is relatively low and it enables a high cut-off wavelength to 

maintain the transparency. While CNT TCFs are considered transparent in NIR region (above 

1000 nm), the absolute T of a particular CNT film is determined by the packing density of the 
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CNTs. The transmittance of CNT TCFs increases (black → red →  green → blue) with a 

decrease in the packing density of the CNTs, as shown in Figure 1.2 (b).132 Meanwhile, Rsheet 

is dependent on the optical transmittance (practically, T is determined by the CNT packing 

density on the film, as shown in Figure 1.2 (c)) due to the fact that the density increases with 

the decrease in both T and Rsheet. The decrease in T is due to more light absorption from 

denser CNT network. The decrease in Rs is caused by the increase in charge percolation 

through the network as the CNT coverage becomes higher. As a consequence, for the system 

in Figure 1.2 (c), the Rsheet decreases from 600 to 40 Ω sq−1 with the decrease in T, while the 

Rs is as high as ∼2000 Ω sq−1 for CNT films with low packing density (when the T at 550 nm is 

above 95%). Noticeably, the T at 550 nm is widely used to characterise the optical properties 

of TCFs. 

 

Figure 1.2 (a) UV-vis-NIR spectra comparison of different conducting materials (The y 
axis of the solar spectrum (purple trace) is irradiance (in W m−2 nm−1) not transmittance. 
Adapted with permission from ref 131. Copyright 2015 Royal Society of Chemistry. 
Adapted with permission from ref 83. Copyright 2009 AIP Publishing LLC. (b) 
Transmittance versus wavelength from 300 to 1100 nm with different CNT packing 
densities (the amount of CNT per unit area) and the inset shows a CNT film coated on a 
flexible PET substrate.132 (c) Rsheet versus T at 550 nm (SWCNT films) with changing CNT 
density and its fitting equation.132 Reprinted with permission from ref 132. Copyright 
2006 American Chemical Society. 

1.2.4 Transport properties of CNT TCFs 
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1.2.4.1 Effect of geometry 

1.2.4.1.1 Percolation Threshold 

Generally speaking, CNTs in a particular TCF contain both semiconducting and metallic 

SWCNTs species with different chiralities and lengths. The thickness of a CNT film with 

transmittance above 70% is usually less than 50 nm. In a simplified model, the charge carriers 

are regarded to be transported along an individual CNT and then hop to the next CNT across 

the junction. However, the reality is much more complicated than this model. Commonly, 

people applied percolation system to study the transport behaviour for thin CNT networks.133-

138 The threshold (Nc), in two-dimensional (2D) percolation theory, is defined as Equation 1.10, 

𝑁𝑁𝑐𝑐 = 𝑓𝑓2/𝜋𝜋𝐿𝐿𝑠𝑠2 ≈
1
𝐿𝐿
          Equation 1.10 

Where f is dependent on the length (it is 4.236 for isotropic network), and Ls is the individual 

length of the CNT while L is the aspect ratio of the CNT.139 For an individual CNT (1−2 μm long 

with a diameter of 1−2 nm), the aspect ratio is high, above 500 (though CNT bundles in reality 

have slightly larger diameters). Therefore, according to 2D percolation theory, the percolation 

threshold for CNT films is low, and it indicates that the surface coverage (the number of CNTs) 

required to form a path to transport charge carriers is not high, and hence the corresponding 

transmittance would be high. The Rsheet of CNT networks decreases significantly with the 

increase in CNT surface coverage above the percolation threshold. Practically, for example, 

the conductance of CNT networks with thickness (controlled through varying CNT suspension 

volume in a vacuum filtration to form a TCF) obeys a power law as shown in Figure 1.3.96 
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Figure 1.3 (a) Exponential relationship between the conductance of a CNT network and 
its surface coverage. Scanning electron microscope (SEM) images of the CNT networks 
with different stock solution volumes added during vacuum filtration process: (b) 7 mL, 
(c) 10 mL, and (d) 400 mL.96 Adapted with permission from ref 96. Copyright 2004 
American Chemical Society. 

1.2.4.1.2 Effect of CNT Alignment 

In addition, the alignment of CNTs in a particular network has an impact on the percolation 

threshold. As shown in Figure 1.4 (a),140 simulation results by Du et al. have demonstrated that 

networks made of 50 randomly distributed sticks whose lengths equal 0.255 times the length of 

the side of the square (with the cut-off angle θμ = 90°, which is used to evaluate the degree of 

alignment and the cut-off angle is the maximum angle the sticks can reach with respect to y 

axis) or 100 well-aligned sticks (with the cut-off angle θμ = 5°) do not contain a conducting 

percolation path because of either low surface coverage or anisotropy. As the number of 

randomly distributed sticks in the network further increases to 100, a conducting path (the grey 

area) occurs, as shown in Figure 1.4 (a)-(3). It was also found that slightly anisotropic networks 

(with cutoff angle θμ between 70° and 90°) have a higher percolation probability at low loading 

of sticks while slightly disordered networks improve the percolation probability dramatically 
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under high loading condition, as shown in Figure 1.4 (b). Thus, CNT networks with randomly 

distributed individuals are preferred due to the lower percolation threshold, which provides the 

potential for high performance TCFs.141-144 Furthermore, Unalan et al. experimentally 

determined that the percolation threshold of a metallic CNT network is higher than that of a 

mixture of metallic and semiconducting CNTs counterpart (5.5 × 10−3 versus 1.8 × 10−3).145 In 

terms of the application of transistors, the surface coverage must between these two 

thresholds so as to achieve a conduction path with no short circuits. As an example showing 

the way percolation dominates the conductive properties of TCFs, the width of the CNT film 

has an impact on the resistance. In detail, as shown in Figure 1.4 (c),146 the experimentally 

measured resistivity increased with the decrease in film width to less than 20 μm. Reducing the 

film width via etching removes some percolation pathways since the percolation paths are not 

aligned in the current flow direction completely, and as a result, the resistance of the film 

increases significantly with the reduced film width, especially when close to the length of 

individual CNT. 

 

Figure 1.4 (a) Simulation of 2D percolation pathways in (1) 50 randomly distributed 
sticks with θμ = 90°, (2) 100 well-aligned sticks with θμ = 5°, and (3) 100 randomly 
distributed sticks with θμ = 90°. (b) The percolation probability versus the cut-off angle 
with different number of loading sticks (represented by values in (b)). Reprinted with 
permission from ref 140. Copyright 2005 American Physical Society. (c) The relationship 
between the resistivity and the channel width of the CNT films with different length (200, 
50, and 7 µm) and thicknesses (15 and 35 nm) on a log-log scale. The inset shows the 
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relationship between the resistivity and width with the film thickness of 55 nm on a 
linear scale. Reprinted with permission from ref 146. Copyright 2006 AIP Publishing LLC.  

1.2.4.1.3 Effect of CNTs bundle length and diameter 

Since the junction resistance from the overlapping contacts between CNTs is the main source 

of the resistance of a CNT network (while the contribution from the tube resistance is small),147-

149 it is believed that films with longer CNTs might result in lower resistance than films 

containing larger number of shorter CNTs with the same surface coverage. It is experimentally 

found that there is an exponential relationship between the film conductance and the average 

bundle length of CNTs, as shown in Figure 1.5 (a).150 With the benefit of fabricating potentially 

more conducting films, longer CNTs, however, are more difficult to disperse, particularly in high 

concentration, which limits many approaches based on solution deposition. Regarding the 

impact of the CNT bundle diameter on the resistance of the CNT films, it was experimentally 

found that films formed using smaller bundle sizes have lower Rsheet, as shown in Figure 

1.5 (b).151 
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Figure 1.5 (a) The exponential relationship of the CNT film conductivity versus the 
average bundle length of CNTs. Adapted with permission from ref 150. Copyright 2006 
AIP publishing LLC. (b) The relationship between Rsheet of CNT films with different CNT 
bundle diameters and their T at 550 nm. Reprinted with permission from ref 151. 
Copyright 2009 Elsevier. 

1.2.4.1.4. Effect of the geometry of an individual CNT 

Since there are more charge carriers for semiconducting SWCNTs with larger diameters due 

to smaller band gaps at room temperature, a SWCNT film formed with larger diameters has 

lower Rsheet.152 Additionally, films made of MWCNTs are less conducting than those made of 

DWCNTs and SWCNTs, as shown in Figure 1.6,153-154 mostly due to the fact that the diameter 
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of MWCNTs is much larger than that of DWCNTs and SWCNTs, which absorbs more light but 

does not increase the conductivity. Furthermore, due to the better dispersity in liquid medium, 

thin films based on SWCNTs are easier to fabricate practically than the ones made of 

DWCNTs and MWCNTs.153,155 

 

Figure 1.6 Impact of the number of shells of CNTs on the Rsheet of CNT films. Data are 
extracted from refs 156-158. 

1.2.4.2. Effect of purity and synthesis methods.  

There are a number of other factors, including doping level, purity and so on, that have an 

influence on the charge-transport properties of CNT TCFs.  Among these, the purity of the 

CNTs can have a great impact on the Rsheet of the films since any sp3 carbon bonds and 

amorphous carbon in the network are structural defects which leads to charge scattering and 

therefore increases Rsheet. This is clearly demonstrated by the fact that CNT films with a high G 

to D band intensity ratio (a measure of structural defects degree) in Raman spectrum have 

lower Rsheet.152 However, this does not mean that functionalisation of CNTs would increase the 

resistance of the film. For example, acyl chloride groups formed by SOCl2 along the CNT has a 

doping effect which can effectively improve the optoelectronic properties of the CNT films.159-

160 This synthesis method for CNTs makes a clear difference in the Rsheet of the films as well, 

and arc discharge seems to be better than other synthesis approaches due to the slightly 

larger diameter of SWCNTs produced via arc discharge, as shown in Figure 1.7.152 
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Figure 1.7 Impact of CNT synthesis approach on the optoelectronic properties of CNT 
TCFs produced via CVD, HiPco, and arc discharge. Data extracted from refs 161-163. 

1.2.4.3. Effect of electronic types of CNT 

Due to the mixed nature, the electrical conduction behaviour of SWCNT films is related to the 

transport nature of both junction resistance between SWCNTs and individual SWCNTs under a 

specific condition. The overall resistance along a conducting path is defined as Equation 1.11: 

𝑅𝑅𝑝𝑝𝑝𝑝𝑡𝑡ℎ = 𝑅𝑅𝑆𝑆𝑆𝑆𝐶𝐶𝑆𝑆𝑇𝑇−𝑆𝑆𝑆𝑆𝐶𝐶𝑆𝑆𝑇𝑇 + 𝑅𝑅𝑆𝑆𝑆𝑆𝐶𝐶𝑆𝑆𝑇𝑇          Equation 1.11 

where RSWCNT−SWCNT and RSWCNT are the overall resistances contributed by the contacts 

between the overlapping CNTs along the conduction path and the individual SWCNTs.164 

Additionally, when it is measured with metal contact, the resistance of the individual SWCNTs 

is defined as Equation 1.12, 

𝑅𝑅𝑆𝑆𝑆𝑆𝐶𝐶𝑆𝑆𝑇𝑇 = ℎ
4𝑒𝑒2

+ 𝑅𝑅𝑐𝑐 +𝑅𝑅𝑡𝑡          Equation 1.12 

where h is Planck’s constant; e is electron charge; Rc and Rt are the resistances contributed 

from the contact with extra metal (it can normally be neglected if a four-point probe is applied 

during the measurement) and phonon scattering, respectively.165 

There are two critical facts here. Firstly, individual semiconducting SWCNTs have much higher 

resistance (10 Ω cm) at room temperature than their metallic counterparts (10−4 -
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 10−3 Ω cm).166-167 Secondly, the contact resistance between metallic and semiconducting 

SWCNTs (RM−S, 1 MΩ) is much higher than that between two metallic or two semiconducting 

CNTs (RM−M and RS−S, 20 kΩ) at ambient temperature.168-171 The correlation between the 

conductance of thin SWCNT films and the ratios of metallic and semiconducting SWCNT 

species (M/S ratios) are simulated in Figure 1.8 (a).172 Due to the relatively low RM−M and RS−S, 

pure metallic and semiconducting CNT films have quite high conductance. As shown in Figure 

1.8 (a), when there are more than 70% semiconducting species in the film (at point B), 

Schottky barriers from the junctions between the semiconducting and metallic SWCNTs 

dominate the conductance, with the conductance path blocked at point C where approximately 

80% SWCNTs are semiconducting. However, when the network only contains a small amount 

of metallic species, the semiconducting path starts to not be blocked via bypassing the 

Schottky barriers and charge carriers can then transport through semiconducting SWCNT 

network. A conduction mechanism was proposed by Yanagi et al. for SWCNT networks with 

various M/S ratios, including variable range hopping models for pure semiconducting network 

and weak localisation for pure metallic film, respectively.173 In their report, it was 

experimentally found that the presence of semiconducting SWCNTs was related to the 

localisation of the conduction electrons, while the quantum transport was realised in the pure 

metallic SWCNT films since boundaries between SWCNTs are regarded as weak disorder 

sources. 

It is reported that the as-deposited pure semiconducting SWCNT film has a much higher Rsheet 

than that of pure metallic one.174 However, comparable conductance was observed between 

these two films after chemical doping (HNO3 followed by SOCl2), and this is probably caused 

by their different electronic density of states (DOS), which results in  much fewer  charge 

carriers being added into metallic SWCNTs than into the semiconducting SWCNTs. 

Specifically, as shown in Figure 1.8 (b) and (c), a metallic SWCNT species, (10, 10), has a first 

van Hove singularity located at 0.9 eV and the Fermi level is only shifted about 0.8 eV by 

chemical doping. In comparison, this value is already below the second van Hove singularity of 

a certain semiconducting species (11, 10) (0.6 eV). As a result, in such an example, metallic 

SWCNTs have a lower hole occupation probability than that of the semiconducting species. 

More generally speaking, because the spacing between the first van Hove singularities in the 

conduction and valence band of semiconducting SWCNTs is much smaller than that of metallic 
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SWCNTs, the doping plays a less significant role in improving the charge carrier density in 

metallic SWCNTs than that of semiconducting SWCNTs.175-178 In addition, the hybridisation of 

CoO nanoparticles into the metallic SWCNT networks can improve the conductance by 28 

times.179 Taking these facts into consideration, one can imagine that the ratio between the 

metallic and semiconducting SWCNTs in the network plays a crucial role in the final 

conductance of the film, and therefore a purification process seems to be essential. An 

overview of the separation of CNTs will be summarised in section 1.3. 

 

Figure 1.8 (a) The relationship between the conductance of the CNT film and the 
percentage of semiconducting contents in the network, and this is simulated with CNTs 
density equal to triple of the percolation threshold while the length of CNTs, positions, 
and orientations are the same under various ratios.172 Reprinted with the permission 
from ref 172. Copyright 2009 American Chemical Society. Density of states of (b) 
semiconducting CNT (11, 10) and (c) metallic CNT (10, 10) after substantial chemical 
doping.164 Reprinted with permission from ref 164. Copyright 2010 American Chemical 
Society. 

In summary, the conductivity of the CNT TCFs is influenced by a variety of parameters which 

are confirmed by both theoretical and experimental results and these factors include length, 

diameter, type, synthesis method, the alignment and the purity and the M/S ratio of the CNTs 

in the network. There definitely is a trade-off between optoelectronic properties of TCF and the 

cost of fabrication in commercial situations. The common CNT TCF preparation approaches 

will be compared and investigated in the following section. 
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1.3 Preparation of transparent CNT films 

Nowadays, CNTs can be synthesised via different methods, such as catalytic chemical vapour 

deposition (CVD), plasma-enhanced CVD, laser-assisted CVD, electric arc discharge, laser 

ablation, vaporisation induced by a solar beam which is a highly concentrated sunlight from a 

solar furnace and so on.180-193 Though some of these approaches contain some energy-

consuming steps, industrial-scale synthesis of CNTs with excellent properties is achievable 

and the output of CNT production reached approximately 5 kiloton in 2011 and the estimated 

number will be more than 20 kiloton by the end of 2020.194-195 A number of selective synthesis 

approaches, which concern control over some critical parameters, including the properties of 

catalyst particles,196-199 original carbon source,200-205 synthesis temperature,206-208 substrates 

applied,209-212 and other related cotreatments,213 have been designed to achieve CNT soot 

enriched with either metallic or semiconducting species. Furthermore, the same purpose can 

also be realised by post-growth purification, such as density-gradient ultracentrifugation,214-217 

gel exclusion chromatography of surfactant-wrapped CNTs,218 ion-exchange chromatography 

of DNA-wrapped CNTs,219 UV irradiation,220 electrical breakdown,221-223 selective gas-phase 

plasma etching,224 and alternating current dielectrophoresis.225-226 Recently, a new separation 

method based on two immiscible aqueous polymer phases was developed to achieve single-

chirality SWCNTs species with high purity. In detail, single-stranded deoxyribonucleic acid 

(ssDNA) was used to wrap and disperse the SWCNTs to form hybrids and the wrapping 

manner is dependent on the chirality of SWCNTs. Therefore a slight difference between two 

polymer phases can then differentiate each chirality. More than 20 species were purified out of 

a commercial mixture starting material in a time-effective manner with a variety of ssDNA 

sequences, polymer phases, and partition modulators.227 However, the additional effort to 

purify single-chirality species may currently not be worth for TCFs, especially for the 

applications in displays where a colour from the narrow optical absorbance of semiconducting 

SWCNTs will be a concern. 

Commonly speaking, there are two kinds of CNT TCFs fabrication approaches, dry processes 

and wet processes. Both of these methods have some unique merits. For instance, dry 

processes-fabricated films usually have excellent conductivity while the wet-processed films 
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are appropriate for larger-scale fabrication using process such as gravure press and reverse 

roll painting.228-232  

Table 1.3 shows the comparison of optoelectronic properties between CNT films fabricated via 

different dry and wet fabrication methods as well as the commercially prepared TCOs. It also 

summarises the merits and shortcomings of each. 

Table 1.3 Comparison between TCOs and some CNT TCFs with the excellent 
optoelectronic properties fabricated with various dry and wet processes 

Fabrication 
methods 

(materials) 

T 
(%) 

Rsheet 
(Ω sq-1) 

σDC/σ
OP 

Advantages Disadvantages Potential 
applications 

TCOs124 85 100-10 22.7-
222.7 

excellent 
optoelectronic 

properties 

scarcity, 
ceramic nature, 

short lifetime 
and high 

production cost 

touch panel, 
LCD screen 
and OLED 

display 

FCCVD 
(SWCNTs) 233-

234 
90 84 41.5 

excellent 
conductivity; 

no use of 
additives 

high process 
temperature 

touch panel 
and LCD 
screen 

roll to roll-dry 
(MWCNTs) 

124,235-236 
83 24 82.7 

excellent 
conductivity; 

no use of 
additives; 
efficient 
process 

aligned CNT 
forest required 

touch panel, 
LCD screen 
and OLED 

display 

dip coating 
(SWCNTs) 237-

238 
90 100 34.8 simple; low 

cost 

little control 
over thickness, 

uniformity 

touch panel 
and LCD 
screen 

Langmuir- 
Blodgett 

(SWCNTs) 239-

240 

78 180 7.9 
Simple; 

thickness 
control 

time consuming touch panel 

brush painting 
(SWCNTs) 241 79 286 5.1 simplicity poor uniformity touch panel 

Mayer rod 
(SWCNTs) 242-

243 
82 75 24 great industrial 

potential 

limited to the 
types of 

substrates 

touch panel 
and LCD 
screen 

spin coating 
(SWCNTs) 244-

245 
90 128 27.2 fast and simple 

process 

large scale 
production 

limited 

touch panel 
and LCD 
screen 
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Spray coating 
(SWCNTs)  

246-248 
89 120 26.2 fast and simple 

process 
not very uniform 

films 

touch panel 
and LCD 
screen 

vacuum 
filtration 

(SWCNTs) 
 249-251 

83 30 64.4 uniform films time consuming 
touch panel 

and LCD 
screen 

(di)electrophor
esis 

(SWCNTs) 
252-253 

81 220 7.7 fast process 
additional 

etching of metal 
layer 

touch panel 

 

1.3.1 Dry methods 

Currently, there are two widely used dry approaches to fabricate CNT films. The first one was 

introduced by Cheng et al. in 1998 and it is based on floating catalyst CVD (FCCVD),254 and 

the other one is to draw CNT yarns from an aligned CNT array.255 

1.3.1.1. Floating catalyst chemical vapour deposition 

In a typical process of FCCVD, there is a gas-phase mixture of a carbon source (normally 

toluene or thiophene) with an iron source (ferrocene). Iron nanoparticles are firstly formed at 

high temperatures (from 700 to 1200 °C), which then catalyses CNT growth. The CNTs 

produced by CVD are transferred out of the reaction zone via an inert carrier gas and collected 

on the low-temperature region of the reaction chamber wall.254 Ma et al. prepared large-area 

SWCNT films (5 × 10 cm) with this approach with a Rsheet of 50 Ω sq−1 and T = 70 % 

(σDC/σOP = 19.3).256 The way to prepare a CNT TCF with this method is to place a filter 

membrane at the outlet of the reactor to collect CNTs and then the film is able to be transferred 

to any kind of substrate, such as PET, as shown in Figure 1.9. A SWCNT film with Rsheet of 84 

Ω sq−1 at T = 90% (σDC/σOP = 41.5) was produced by this method.233 The major reason for 

such excellent optoelectronic property is that the length of SWCNT bundles is up to about 3 cm 

prepared by FCCVD, which is beneficial to the transport of charge carriers in the network (refer 

to section 1.2.4.1.3). 

1.3.1.2 Spinning CNT yarns 
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The other method is using CNTs yarns (that are meters in length) that can be drawn from a 

super aligned array, following a process firstly introduced by Jiang et al. in 2002.255,257 Later, 

CNT films were fabricated via drawing from an aligned MWCNT array.258 An individual CNT 

can bridge different bundles by migration from one bundle to another because of the bundled 

nature. When interconnected CNTs bundles are pulled together, a uniform film of CNT is 

created with a minimal level of breaks. In 2010, this idea was integrated with a roll-to-roll 

process with the presence of two protection layers, a substrate layer and a release layer which 

prevents the attachment of CNTs onto the roller and can be removed afterwards, as shown in 

Figure 1.9 (b). The produced film had a Rsheet of 208 Ω sq−1 with T = 90 % (σDC/σOP = 16.8) and 

24 Ω sq−1 with T = 83.4 % (σDC/σOP = 82.7) with trimming by laser and the deposition of metal 

(Ni and Au) (the Rsheet was 1000 Ω sq−1 at T = 78 % (σDC/σOP = 1.42) without these two post 

treatments).124 As shown in an SEM image of the CNT film, Figure 1.9 (c), the alignment of 

CNTs is retained during the roll-to-roll fabrication. Due to the large-diameter CNT bundles, the 

optoelectronic properties of the as-drawn films are poor, but post treatments (including laser 

trimming) help to achieve higher transmittance as well as lower Rsheet and benefit the charge 

transport (refer to section 1.2.4.1.3). It is worth noting that though a high percolation threshold 

for CNT TCF can be caused by alignment (refer to 1.2.4.1.2), a film with highly aligned CNTs 

has significantly improved packing density than compared to a film with random aligned CNTs 

when the film is not extremely thin (T is less than 95 %). As a result, the ability for charge-

transport along the aligned direction is excellent. More importantly, the aligned films are 

extremely useful in the fabrication of small-width CNT TCFs. Because of the lack of percolation 

(refer to 1.2.4.1.2) paths and decreased CNT junction conduction, the transport ability of the 

narrow films is usually poor. However, in the case of a highly aligned CNT film, the density of 

junctions along the percolation path with a small-width film can be controlled to a similar 

standard as that of a wide membrane. 

The major benefits of the dry approaches are excellent optoelectronic properties of the 

resulting TCFs with post treatments (which are similar to that of the commercial TCOs, 10-100 

Ω sq−1 with T > 85% and σDC/σOP = 22.2-222.7), refer to section 1.2.2.2), ideal compatibility 

with roll-to-roll process, and the resulting high efficiency of production. However, strict control 

over the reaction conditions is required, which increases the difficulty in automation and 

therefore may not be appropriate to prepare TCFs on a large scale. 



25 
 

 

Figure 1.9 Schemes of (a) the FCCVD process to grow CNTs and the direct deposition 
onto a filter membrane for transfer later, (b) the roll-to-roll process of the CNT TCFs 
fabrication from an aligned CNT array. (c) SEM image of CNT TCF prepared from the 
roll-to-roll process. Reprinted with permission from ref 124. Copyright 2010 John Wiley 
& Sons, Inc. 

1.3.2 Wet methods 

Generally, a solution-based method is regarded as the collection of CNTs from an aqueous or 

organic dispersion and then removing the liquid with no or limited aggregation of CNTs.259-262 
In most cases, the removal of undesired components, such as polymers or surfactants, is part 

of the process. A well-dispersed CNT suspension is required for all wet approaches. There are 

a large number of publications in this field since the success of filtration transfer249 and dip 

coating263 for TCFs fabrication since 2004. 

1.3.2.1 Preparation of CNT dispersion 

Because of the attractive van der Waals interactions between each individual CNT, it is difficult 

to disperse CNTs without bundling.264 Suspended CNTs tend to flocculate and precipitate from 

the liquid medium within a short period of time (normally ranging from a few minutes to hours). 

Among the current studies,265-272 the main strategies to form a CNT dispersion are divided into 

3 classifications,273 including (1) preparation of a pristine CNT dispersion with neat solvents, 

(2) the application of dispersing agents, such as surfactants or polymers, and (3) the covalent 

surface functionalisation on CNT walls.274-284 

1.3.2.1.1 Neat organic solvents 
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There are continuous efforts to disperse CNTs with neat organic solvents, and a 

comprehensive review in this field has been done by Coleman.285 It is found that the capability 

of a solvent to disperse CNTs has a close relationship with the Hildebrand solubility parameter 

where the dispersion component plays a more important role than the polar and hydrogen 

bonding components.286 The three most widely used organic solvents are N,N-

Dimethyformamide (DMF),287 N-methyl-2-pyrrolidone (NMP),288 and dichloroethane (DCE),289 

and sonication is normally necessary in dispersing CNTs in these solvents. From a point view 

of practical production, one of the advantages of using neat organic solvents is that they do not 

cause a direct covalent or noncovalent functionalisation of the CNTs, which has the potential to 

decrease the conductivity of the resultant TCFs.290 However, it is challenging to prepare CNT 

dispersions with a relatively high concentration (above 0.1 mg mL−1), not to mention that some 

of industrial requirements where the amount of solvent is restricted to a small volume (for 

example, when the level of volatile organic compound needs to be controlled, a high 

concentration of CNT is required to minimise the volume of solvent used), above 1 mg mL−1, is 

much higher than this value.291 In 2010, a CNT suspension was successfully prepared with 

cyclohexylpyrrolidone and the concentration was approximately 2 mg mL−1,292 but the 

drawback of this solvent is the high boiling point (280 °C) which prevents the application of 

CNT films onto most of the plastic substrates during the manufacturing using this solvent. An 

alternative strategy to improve the concentration of CNT in organic solvents is to use alkali 

metals to reduce CNT with the formation of polyelectrolyte salts, which then are soluble in 

polar organic solvents without sonication and additional dispersants. A CNT dispersion with a 

concentration up to 2.0 mg g−1 can be prepared by dissolving CNT salt in dimethyl sulfoxide 

(DMSO) and a higher concentration (4.2 mg g−1) is realised when sulfolane is used.163,293  

As an alternative to organic solvents, a superacid, such as chlorosulfonic acid (CSA), also has 

the ability to disperse CNT with high concentration (4.5 mg mL−1) at room temperature.294 With 

the help of this approach, Hecht et al. reported CNT films on PET substrates by filtration 

transfer (refer to section 1.3.2.2.4) and the Rsheet was 60 Ω sq−1 at T = 91% (σDC/σOP = 65.0).295 

The Rsheet of the film prepared by dip coating (refer to section 1.3.2.2.1) was 471 Ω sq−1 at T = 

86% (σDC/σOP = 5.2).296 The excellent optoelectronic properties of these TCFs are due to the 

exfoliation effect as well as the doping (refer to section 1.3.4) from the superacid. However, the 
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major concern of the industrial application of CSA is its extreme toxicity and the corrosive 

nature. 

1.3.2.1.2. Dispersing agents  

The other promising method to disperse CNTs in a liquid medium (usually water) involves the 

use of dispersing agents, such as polymers, porphyrins, polysaccharides, DNA, cellulose 

derivatives, graphene oxide, and starches.297-314 In general, the amphiphilic property of these 

molecules containing a hydrophilic head and hydrophobic tail, enables their interaction with 

water and CNTs, respectively, and therefore forms a suspension of CNTs. A few 

comprehensive studies of the function of these surfactants were published in 2006.315-316 There 

are a few important factors determining the capability of dispersing CNTs with these 

surfactants, including the hydrophilic head charge, the hydrophobic tail length, and the 

existence of certain aromatic groups. In addition, the interaction between surfactants and 

CNTs is mainly dependent on three forces:317 (1) Coulombic attraction between the charged 

heads and the solvent dipole; (2) Van der Waals and the hydrophobic forces between the 

surfactant tails and CNT walls; and (3) π−π stacking between the aromatic rings on CNT 

sidewalls and existing aromatic function groups from the surfactants. 

The most conventional procedure to prepare the aqueous CNT dispersion is to mix CNTs 

(∼0.1 %, mass ratio) with the dispersing agent (about 1 %, mass ratio), followed by sonicating 

for a period of time (from 10 to 100 min in most cases). Then, centrifugation is applied to 

remove the undispersed CNT bundles. By combining this procedure with spray coating (refer 

to section 1.3.2.2.3), a TCF deposited from a sodium dodecyl sulphate (SDS) dispersed CNT 

suspension was reported whose Rsheet was about 100 Ω sq−1 at T = 83 % (σDC/σOP = 19.3) after 

the removal of SDS via acid treatment.318 There are several advantages with the use of 

dispersing agents, such as the ease with which a high CNT concentration with excellent 

stability can be achieved (for instance, 20 mg mL−1 with sodium dodecylbenzene sulfonate with 

no agglomeration),319 the environmentally friendly aqueous medium (though CNT can also be 

dispersed in some organic solvents, such as ethanol320 and chloroform,321 with the addition of 

some other dispersants), and no damage to the intrinsic CNT electronic properties. The main 

shortcoming involves that the remaining surfactants may reduce the conductivity of the as-
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prepared CNT TCFs, and some further treatments are required (such as an acid wash or high 

temperature treatment) to remove these additives.322 

1.3.2.1.3 Modification of CNTs by covalent functionalisation on the CNT walls 

The third solution-processed approach involves the covalent functionalisation of the outer 

surface of CNTs to improve the interaction with a solvent. A common procedure is described 

as follows. A mixture of concentrated sulfuric acid (98 wt %) and nitric  acid (69 wt %) (with the 

ratio of 3:1) is firstly used to treat CNT soot so as to introduce the carboxylic groups with 

negative charges to the CNT surface, and then the CNT aqueous suspension can be formed 

with no dispersing agents.323-324 A CNT film on PET substrate by dip coating (refer to 1.3.2.2.1) 

was reported to have Rsheet of 2500 Ω sq−1 at T = 86.5 % (σDC/σOP = 1.0), the optoelectronic 

properties of which is quite poor.325 The main advantage is the simplicity of the processing, 

such as the use of environmentally friendly medium (water) and no requirement for post 

treatments to remove the any additives, while the biggest disadvantage is the reduction in the 

intrinsic conductivity of the CNTs caused by the damage of the conjugated sp2 carbon network 

during acid functionalisation as well as the reduced length of CNTs. 

1.3.2.2 Coating processes  

1.3.2.2.1 Dip coating and Langmuir−Blodgett Approach 

Though there are not many dry processes for CNT TCFs, a large number of solution-

processed coating methods have been developed in the last 10 years, including filtration, dip 

coating, and spray coating. Among all of these approaches, dip coating is the simplest method, 

where a substrate is dipped into a CNT dispersion, withdrawn, and then dried,326-327 as shown 

in Figure 1.10 (a). There are a few factors determining the optoelectronic properties of the 

resulting CNT film, such as the viscosity of the solution, the interaction between the substrate 

and liquid medium used to disperse CNTs, the duration of the dipping, drying methods and the 

properties of surfactants.328 Compared to the charged surfactants, such as SDS, the non-ionic 

dispersing agents, Triton X-100 can form CNT films on PET with higher uniformity.263 As far as 

we know, one of the best CNT films prepared by this method had Rsheet of 100 Ω sq−1 at T = 

∼90% (σDC/σOP = 34.8), in which a glass slide was dipped into a DWCNTs dispersion stabilised 

by CSA.237 The excellent performance is probably due to the high aspect ratio (about 3000) of 
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the DWCNTs applied in dip-coating, which can dramatically improve the charge transport (refer 

to section 1.2.4.1.3). In most cases, this method is able to fabricate CNT films with Rsheet of 

700 Ω sq−1 at T = ∼90% (σDC/σOP = 5). It is an extremely simple, cost-effective, and quick 

process, but the limited control over the film thickness and the inhomogeneity of the produced 

film are the major concerns (though precise control over the heating conditions and the choice 

of the dispersing agents can improve the homogeneity).329 

 

Figure 1.10 (a) Dip Coating and (b) Langmuir−Blodgett approach for the preparation of 
CNT TCFs. 
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Better control of the film homogeneity can be realised by a Langmuir−Blodgett (LB) approach, 

as shown in Figure 1.10 (b), in which the substrate is inserted into the liquid medium and 

withdrawn with a controlled rate. In detail, H2O2/H2SO4, thionyl chloride, and octadecylamine 

were used to treat the CNTs which were dispersed with chloroform (1 mg mL−1); and then CNT 

were spread on the water surface.330 The major difference between LB and dip coating is that 

CNTs only stay at the air-liquid interface. By matching surface chemistry of the target 

substrate, thickness control of the CNT is realised.330-333 Multiple layers (more than 100 layers) 

can be put on substrates (such as quartz or glass) by repeating the process of dipping, 

withdrawing, and drying. The best reported SWCNT TCF prepared by LB so far had a Rsheet of 

180 Ω sq−1 at T = 78% (σDC/σOP = 7.9) with no further chemical doping.239 Compared to dip 

coating, the LB approach provides accurate control over the thickness of extremely thin films, 

even for the preparation of monolayer, with the selectivity to the CNTs orientation to some 

extent,330 though the optoelectronic properties of the prepared CNT TCFs are worse. The 

tedious repetition of the dipping and lifting process during the preparation of multi-layer films is 

the major disadvantage of this method. 

1.3.2.2.2 Brush painting 

Brush painting is a variation of dip coating and it is about painting materials on to some certain 

types of substrates by a conventional brush, as shown in Figure 1.11 (a). An interconnected 

CNT network is achieved with shear forces, and the concentration of the CNT suspension 

determines the electrical properties and optical transmittance. There are some commercial 

CNT inks available in the market. In most cases, substrates are treated with plasma in order to 

remove contaminants as well as improve the adhesion of CNTs. By painting an SWCNT 

dispersion onto a PET substrate with the plasma treatment, CNT films with Rsheet of 286 Ω sq−1 

at T = 78.5% (σDC/σOP = 5.1) were prepared in 2014 with this method.241 The optoelectronic 

properties are not excellent but it is good enough to fulfil the requirement for touch panel 

applications (σDC/σOP = 4.5). The simplicity is the major advantage of this approach, however 

preparation of a uniform film by this method is challenging. 

The Mayer rod coating approach, which is similar to brush coating and has been used in the 

paint industry for many years, is about passing a Mayer rod (it is normally a heated bar) over 

an area covered with liquid and drying the resultant film,334 as shown in Figure 1.11 (b). In 
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detail, a substrate is first covered with a certain volume of CNT suspension, and then the fluid 

is spread by passing a rod to form a CNT film with the solvent evaporated at the same time. As 

shown in Figure 1.11 (b), the thickness of the resultant CNT film is defined by the size of both 

gauges and wire wrapped on the surface of the Mayer rod (which is a stainless steel wires 

wrapped metal rod). The surface tension of the suspension and its interaction with the applied 

substrate determine the properties and quality of the CNT films. In most cases, the CNT ink is 

an aqueous dispersion with the help of certain types of surfactants, including sodium dodecyl 

benzenesulfonate. By following the process, the optoelectronic properties of the CNT films 

have Rsheet of 100 and 300 Ω sq−1 at T = 70% and 90% (σDC/σOP = 9.7 and 11.6), respectively, 

which was fabricated by painting glass substrates with surfactants (sodium dodecyl 

benzenesulfonate (1 wt %) and Triton X-100 (3 wt %)) suspended HiPco SWCNTs (0.1 wt 

%).335 So far, one of the best films prepared by Mayer rod involved the dispersion of SWCNTs 

with a polymer derivative of cellulose, sodium carboxymethyl cellulose, and the CNT films then 

were applied by Mayer rod and dried by a lamp on a glass slide.242 In order to remove the 

nonconductive additive, as-prepared films were further treated with HNO3 overnight, which 

also can p-dope the CNTs at the same time. Finally, the films had a Rsheet of 75 Ω sq−1 at T = 

82% (σDC/σOP = 24), and could be applied as an LCD screen (σDC/σOP = 22.5). The potential to 

be applied in large-scale production combined with slot die and forward/reverse gravure is one 

of the main advantages of this method, which can be realised by feeding the CNT suspensions 

as the ink during the process.336 It is worth pointing out that there are some requirements for 

the rheological properties of the ink to be applied on a certain type of substrate. 
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Figure 1.11 (a) Brush painting and (b) Mayer rod coating approach in the preparation of 
CNT TCFs. 

1.3.2.2.3 Spin coating and spray coating 
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Figure 1.12 (a) Spin and (b) spray coating of CNT TCFs preparation. 

A more sophisticated approach than dip coating is spin coating involving the deposition of a 

small volume of CNT dispersion onto a spinning substrate,337-338 as shown in Figure 1.12 (a). 

The spinning substrate provides a way to spread the CNT dispersion with rapid drying at the 
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same time. In addition, it is good at forming very thin films with high homogeneity. There are 

some neat organic solvents which dissolve CNT into liquid medium, such as DCE. CNT TCFs 

with Rsheet of 128 Ω sq−1 at T = ∼90% (σDC/σOP = 27.2) have been produced with this method, 

which is one of the best CNT based TCF reported so far.244 It is essential to dope the as-

prepared CNT films by HNO3 (see section 1.3.4) to meet the requirement of TCFs for LCD 

screens. In order to remove the dispersing agents, methanol can be applied to the dropping 

flow of the liquid during the spin coating process, in which the shear flow forces the liquids to 

be confined and mixed during the spinning. Interestingly, the resulting films contain CNTs 

aligned to some degree.339 Additionally, modification of the spinning surface by either amine 

(for semiconducting) or phenyl (for metallic) groups can selectively deposit semiconducting or 

metallic SWCNTs, respectively.340 Spin coating is a very time-saving process with great 

simplicity, but it is difficult to apply a film on a large scale and multiple spinning steps are 

required to form a thick film since the concentration of CNTs suspension is relatively low 

(normally less than 0.1 mg mL−1). 

One of the other preparation approaches is spray coating which involves spraying a diluted 

CNT dispersion onto a substrate with an air brush,341 as shown in Figure 1.12 (b). Heating is 

used in most situations to evaporate the solvent without drying-induced aggregation. This 

method is generally compatible for CNT suspensions with low toxicity dispersing media such 

as water and alcoholic solvents. A typical CNT TCF prepared by this method has Rsheet of 57 Ω 

sq−1 at T = 65% (σDC/σOP = 13.8), in which SDS (0.3 wt %) dispersed CNTs aqueous 

suspension was applied.244 A dispersion of unbroken and unbundled SWCNTs by a reductive 

dissolution process is necessary to prepare CNT TCFs by spray coating with excellent 

optoelectronic performance.246 It involves the reduction of CNTs with sodium and liquid 

ammonia with the resulting nanotubide salt dissolved by DMSO with stirring to form the well-

dispersed CNT ink. The film was then oxidised in atmosphere to the neutral species after spray 

coating. The final film had a Rsheet of ∼120 Ω sq−1 at T = 89% (σDC/σOP = 26.2), which is 

appropriate for LCD screens. The main improvement is contributed by the much longer length 

(approximately 20 μm) as well as the smaller CNT bundle sizes (the majority were less than 5 

nm in diameter) than that of the normal bundles (more than 10 nm in diameter), which offers 

excellent transport ability of charge carriers (refer to section 1.2.4.1.3). The major advantage of 

spray coating involves its quick and simple nature of the entire process while the major 
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disadvantage is that it is not easy to form a very thin and homogeneous film (micrometre-size 

inhomogeneity), which is related to the droplet size of the CNT dispersion from the nozzle.342 

1.3.2.2.4. Vacuum filtration 

Vacuum filtration is the most widely used solution-based coating approach in preparing in CNT 

films and it involves vacuum-filtering a diluted CNT dispersion through membrane with certain 

size of pores. As shown in Figure 1.13, the as-collected CNTs on the membrane can then be 

transferred from the filter paper to a specific  substrate as required.343 This filtration-transfer 

method is useful in the fabrication of CNT TCFs on flexible substrates. One of the examples 

was completed by Zhou et al.344 which involved a CNT dispersion formed using an SDS (1%) 

aqueous solution and bath sonication. CNTs were firstly collected onto an alumina filter via 

filtration, and a large amount of water was used to wash away the residual SDS. Then, the 

CNT film was transferred from the filter membrane surface onto a polydimethylsiloxane 

(PDMS) stamp and eventually transferred to the final target substrates (PET, glass, and 

poly(methyl methacrylate) (PMMA)) with mild heating at 80 °C. By following this approach, 

CNT films with Rsheet of ∼120 Ω sq−1 at T = ∼80% (σDC/σOP = 13.3) were produced.344 So far, 

the best optoelectronic properties of CNT films prepared by this method had a Rsheet of 30 Ω 

sq−1 at T = ∼83% (σDC/σOP = 64.4). The SWCNTs for these films were purified with acid before 

filtration, and HNO3 used during the purification had a p-type doping effect. In that study, Triton 

X-100 aqueous solution (1%) acted as the dispersing agent to suspend the purified SWCNTs 

with a final concentration of 2 × 10−3 mg mL−1. The dispersion was vacuum filtered onto a 

mixed cellulose ester membrane (pore size: 0.2 μm) and then the film was transferred to a 

sapphire substrate with the removal of the membrane dissolved in acetone.249 HNO3 probably 

contributed to the excellent properties by chemical doping during the CNT purification (refer to 

section 1.3.2.2.4). The optoelectronic properties of the CNT TCFs are already very close to 

meet the requirement for an OLED anode (σDC/σOP = 69.7). One of the most recent reports 

showed that large monodomains (more than 1 cm2) with well-aligned SWCNTs in a high 

packing density were prepared via slow vacuum filtration. The authors pointed out that there 

were several important parameters in achieving large domain alignment, including the surface 

hydrophobicity of the filter paper, the concentration of the dispersing agents (must be below 

critical micelle concentration), the concentration of SWCNT (1−15 μg mL−1), and the flow rate 
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of the filtration (1−2 mL h−1). Under these optimised situations, the SWCNTs can self-assemble 

into a closely packed arrangement and the alignment effect occurs with a range of SWCNT 

types and dispersing agents. Such films are much flatter and homogeneous than the typical 

ones formed by normal vacuum filtration due to the close packing, which allows for greater 

control of film thickness.345 

The main advantages of vacuum filtration include the well-controlled thickness or transmittance 

of the CNT film by changing either the volume or the concentration of CNT stock suspension, 

the excellent homogeneity and reproducibility, and the cost-saving nature.346 However, it is a 

time-consuming process with the difficulty in the fabrication of a submonolayer film with high 

quality, and it requires the transfer of the film from the membrane to other substrates. 
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Figure 1.13 (a) Vacuum filtration fabrication of CNT TCFs and (b) transfer of the as-
prepared film onto a substrate. 

1.3.2.2.5 Electrophoretic deposition 
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From a practical application point of view, electrophoretic deposition (EPD) is regarded as a 

potential large-scale deposition method, which applies an electric field between two electrodes 

dipped in a dispersion of CNTs with covalent functionalisation or coated with ionic surfactants. 

The CNTs with charge are attracted to the electrode electrostatically,347 as shown in Figure 

1.14. For instance, the carboxylic groups on functionalised CNTs have some negative charges 

and a CNT film can then be deposited onto the positive electrode during the process. The 

deposition of CNTs onto an insulating substrate is also achievable, and SWCNT films with 

Rsheet of 900 Ω sq−1 at T = 70% (σDC/σOP = 1.1) have been fabricated. Specifically, the 

SWCNTs were first attracted and deposited on a conductive metal thin layer (such as titanium 

and aluminium) on top of a glass substrate and during EPD process, the metal layer was 

oxidised and became transparent.348 The CNT film with one of the best optoelectronic 

properties by following this approach has a Rsheet of 220 Ω sq−1 at T = 81% (σDC/σOP = 7.7).252 

The SDS aqueous solution (7 × 10−3 mol L−1) was used to disperse SWCNTs first, followed by 

centrifugation to remove the aggregates, and the diluted supernatant was applied as the bath 

solution in EPD. The SWCNTs were then deposited onto a stainless steel electrode with the 

PET film hot-pressed on the film later at 0.5 MPa and 200 °C (below the melting point of the 

polymer) for 1 min so as to transfer SWCNT film onto PET. Finally, the film was immersed in a 

HNO3 aqueous solution (2 mol L-1) which has an effect of p-doping on the CNTs as well as 

removal of SDS (refer to section 1.3.4). The optoelectronic properties of the films are worse 

than that prepared by most of the other techniques, and one of the reasons is the application 

of short CNTs (the length is less than 1 µm), but the films still meet the requirement for touch 

panel application. Another similar electrochemical process is dielectrophoresis (DEP), in which 

an alternating current electric field is used to selectively deposit of well-aligned metallic CNTs 

film because of the much larger polarisability.349-352  

The short processing periods, the capability of designing patterned films by control over the 

conductive area shape, and the high accuracy intrinsic to the electrochemical processes are 

several advantages of these two electrochemical approaches. However, further treatment of 

etching the metal layer is required to prepare films on nonconductive substrates. 



39 
 

 

Figure 1.14 Electrophoretic deposition process for the preparation of CNT TCFs. 

So far, both dry and wet methods are able to fabricate CNT TCFs on a lab scale. Every 

method has some advantages and disadvantages. The optoelectronic properties of all of these 

prepared CNT TCFs are still not as good as that of TCOs, but they are able to satisfy the 

requirements for some industrial applications, such as touch panels, LCD screens, and OLED 

displays, as shown in Table 1.2 and Table 1.3. However, none of these films meets the 

requirement for a thin-film electrode for photovoltaics. From our understanding, dry methods 

seem to produce high quality CNT TCFs while wet methods are more compatible to different 

substrates because of their low temperature processes. Among all of these dry and wet 

methods, the roll-to-roll approach might be the most promising one in the fabrication of CNT 

TCFs because it is not only highly efficient for large scale manufacturing but also able to 

produce films with excellent properties. 

1.3.3. Methods of patterning CNT films 

Patterning of CNT films to the final products, such as touch panels and displays, is critical in 

improving the compatibility in industrial manufacturing. The excellent chemical stability of 

CNTs is a benefit for final products with long lifetime, but it makes the traditional TCF etching 

approaches which are entirely based on corrosive chemicals not effective any more, and 
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therefore it is essential to develop some new methods in order to achieve CNT TCFs with 

certain types of patterns. 

1.3.3.1. Patterning with surface modification 

First of all, a well-developed approach to patterning films from liquid solution is inkjet printing, 

in which the wettability of a CNT ink or dispersion is essential in precise deposition of CNTs on 

a particular substrate.353-354 However, there are several factors affecting the resolution, 

including the surface properties of the substrate, the liquid medium of the dispersion, and the 

nozzle size. The control factor during the process is the interaction between the liquid medium 

and the target substrate, and this determines the homogeneity of the final films. In order to 

prepare a film with high uniformity, plasma treatment and a low boiling point liquid with 

excellent volatility are beneficial.355-356 There are many different types of substrates used for 

this purpose, such as glass, paper, and some plastics. In order to form a high-quality 

dispersion, CNTs are normally functionalised with the aid of nitric acid and a solution of 

potassium permanganate, which can improve the adhesion to substrate surfaces at the same 

time. The CNT films prepared by multiple prints have Rsheet of 40 kΩ sq−1 at T = 85% (σDC/σOP 

= 0.1).353 However, the optoelectronic properties of this resulting film are poor, which may 

partially be due to the short length of the CNTs (less than 5 μm) in the film. If a common printer 

was used, the width of the CNT lines is normally more than 200 μm,353-354 while a CNT strip 

whose width is about 90 μm has been achieved with proper surface modification, which was 

first reported in 2011.357 Specifically, a thick silicon dioxide layer on top of a silicon wafer was 

first treated with 1,1,1,3,3,3-hexamethyldisilazane to form a hydrophobic self-assembled 

monolayer on the dioxide surface. Irradiation of the UV light through a metal mask was used to 

define a hydrophilic strip region. The inkjet printing was then performed covering the strip area, 

and DMF-dispersed CNTs only attached to the hydrophilic area with surface modification 

because of the polar hydrophilic nature of the solvent, as shown in Figure 1.15 (a). The width 

of the CNT strips can be further reduced to about 70 μm with a smaller nozzle in a single 

printing process,353-354 but the resolution with a similar level cannot be achieved by multiple 

prints due to the lack of accuracy in feeding the substrate through the printer.353 Oppositely, 
surface modification produces high-resolution CNT strips in an easy way during multiple prints, 

which has the potential to tune the optoelectronic properties. The on/off ratio of a transparent 
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transistor based on this type of thin CNT TCF is from 1.2 to 320, though this value is not 

great.357 Nevertheless, this is an economical process with a high throughput and it is able to 

produce films on flexible substrates. However, the printer nozzle sometimes may be clogged 

with large CNT aggregates and thus, a high-quality suspension is necessary.358-360 

The depletion force (the attractive interaction between CNT colloids) was used to prepare 

patterned CNT TCFs recently, which is also based on surface modification.361 In detail, e-beam 

lithography was applied to define narrow channels in PMMA coated silicon wafer with a layer 

of silicon dioxide on top. With the use of 3-aminopropyltriethoxysilane (APTES), the exposed 

oxide layer was functionalised with NH2 groups. Sorted semiconducting SWCNTs dispersed in 

1% sodium cholate (SC) aqueous solution were then self-assembled onto the surface with the 

control over the concentration of the dispersing agent as well as SWCNTs to tune the 

depletion forces and attraction to the substrate. Immersion of the substrate in acetone then lifts 

off the polymer layer, and finally, a raftlike patterned SWCNT thin film with excellent 

homogeneity over a large region was achieved, as shown in Figure 1.15 (b). The resulting 

CNT TCFs is one of the candidate materials for transparent transistors with high on/off ratio 

(higher than 3 × 105 at 1 V bias).361 

The surface modification can also be achieved by depositing a catalyst on the substrate with a 

certain type of pattern. In detail, the combination of depositing patterned nanoparticle catalysts 

(Co) on a n-doped silicon wafer with inkjet printing technique has successfully created 

patterned MWCNT arrays by the thermal CVD process.362 The size of the patterned MWCNT 

dots was from 5 to 30 μm, as shown in Figure 1.15 (c). Although dots may not be appropriate 

for many purposes, such as acting as a transparent electrode of a solar cell, it is a potential 

pattern to be applied as a display due to the high current density for the MWCNT dot (83 mA 

cm−2 under the applied field of 1.9 V μm−1). In this method, stabilising the nanoparticle 

catalysts at high concentration with no aggregation played a critical role in realising highly 

homogeneous and well-aligned CNT patterns. 
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Figure 1.15 (a) AFM and (b, c) SEM images of patterned CNT films prepared by (a) inkjet 
printing combined with surface modification. Adapted with permission from ref 357. 
Copyright 2011 AIP Publishing LLC. (b) Surface modification combined with the control 
of the depletion forces. Adapted with permission from ref 361. Copyright 2014 John 
Wiley & Sons, Inc. (c) Inkjet printing of the deposition of Co nanoparticle catalysts. 
Adapted with permission from ref 362. Copyright 2003 AIP Publishing LLC. 

1.3.3.2 Patterning with the help of polymers 

The copolymer poly(styrene-block-acrylic acid) (PS-b-PAA) can also be used to pattern 

nanoparticle catalysts by microcontact printing.363 Specifically, a PDMS stamp was first 

immersed into a toluene solution of iron-loaded PS-b-PAA micelles, followed by the transfer of 

the micelles to a silicon wafer coated with aluminium oxide layer by compressing. The PS-b-

PAA then self-assembled into spherical micelles in toluene with PAA domains embedded in 

the PS after the deposition, and this micelle film later acted as the template to form 

nanoclusters of iron oxide. The copolymer was removed by O2 plasma, which left the iron 

oxide nanoparticle catalysts in a certain pattern on the wafer. The patterned CNT films were 

formed from the patterned catalyst particles through traditional CVD growth. One example of 

CNT TCFs by microcontact printing is shown in Figure 1.16 (a). The major problem in this 

approach is that the lateral conductance across the vertical-grown CNT array is poor.  

One other polymer-related method for CNT TCFs patterning involves the application of 

polymer beads with well-defined shape, size, and surface chemistry as the building blocks for 

template structures (on the nanometer scale) used to deposit CNTs. In this case, a purified 

SWCNT source dispersed in 1% SDS aqueous solution was firstly mixed with a suspension of 
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monodispersed PS beads in the mass ratio of 1 to 6. In the mixture, SWCNTs were absorbed 

on the surface of polymer beads due to the π−π interaction from the aromatic rings. Then, 

“vertical deposition” was used to deposit a thin PS−SWCNT layer on silicon substrate.364 Due 

to the capillary forces at the air/solid/liquid interface, the PS beads self-assembled into a 

pattern of closely packed stripes along the pulling direction. Precise control over the 

temperature was essential (at about 60 °C) so that highly ordered PS assemblies were formed. 

The network of a hemispherical CNT bundles was created over a large region with the removal 

of the PS beads as well as surfactants by the organic solvents and water, as shown in Figure 

1.16 (b).365 The conductivity of the as-prepared film is similar to that of the bulk materials in 

SWCNT mats (∼100 S cm−1) with dramatically improved transmittance. Noticeably, the T of the 

resulting TCFs can be adjusted by tuning the size of the monodispersed PS beads. 

The third variation for fabrication of patterned films is selective vacuum filtration.366 The first 

step of this method is to pattern anodic aluminium oxide filter membranes (whose average 

pore size equals to 20 nm) by photolithography with a photoresist and developer. CNTs only 

filled the exposed region during vacuum filtration, as shown in Figure 1.16 (c). PDMS (uncured) 

was then placed onto the membrane and cured. The patterned CNT films were transferred to 

PDMS from the filter membranes via peeling off the elastomer. Additionally, this type of design 

is one of the candidates to be used as a flexible and transparent thin-film transistor. In another 

piece of work, a similar process was performed with the exception that the patterned filter 

paper was applied to collect CNTs during the CVD process instead of preparing a CNT 

dispersion. As a result, high-performance, transparent, conducting CNT films with a microgrid 

pattern were produced on a plastic substrate.367 In detail, CNTs grown by FCCVD (in which 

CO acts as the feed gas and ferrocene nanoparticles are used as the metal catalysts) were 

collected on the polyvinylidenedifluoride filter (pore size 0.45 μm) with well-defined microgrid 

by photolithography, and then were transferred onto the target polyethylenenaphthalate film. 

The resulting CNT films have Rsheet of 53 Ω sq−1 at T = 80% (σDC/σOP = 30.1), which is 

comparable to some of the commercial TCOs. 
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Figure 1.16 (a, b) SEM and (c) optical images of patterned CNT TCFs prepared by (a) 
microcontact printing with the help of block copolymers.363 Adapted with permission 
from ref 363. Copyright 2006 American Chemical Society. (b) Aqueous solution of the 
beads carriers of PS. Adapted with permission from ref 365. Copyright 2007 Royal 
Society of Chemistry. (c) Selective vacuum filtration. Reprinted with permission from ref 
366. Copyright 2007 AIP Publishing LLC. 

1.3.3.3 Patterning with post-treatments 

There are also some post-processing approaches which use etching to prepare the CNT TCFs 

with some certain types of patterns. For instance, O2 plasma produced by a capacitively 

coupled plasma system (due to the low ion energies) has been applied to pattern SWCNT 

films on some plastic substrates,368 such as PET. In detail, the SWCNT film was first deposited 

on an anodic aluminium oxide filter via a vacuum filtration process and it was then transferred 

onto a flexible PET film after the dissolution of the membrane by 3 M NaOH solution. 

Photolithography was used to define the pattern, in which positive photoresist (AZ4620) was 

spin-coated and patterned on top of SWCNT films by UV light through a photo mask and 

development with AZ400K, respectively. The coated surface was then exposed to the O2 

plasma to perform the etching process. The covered SWCNT region was protected by the 

photoresist while the exposed SWCNTs were damaged from the defects to the entire CNTs, 

and eventually the amorphous carbon was formed with the by-products of some volatile gases, 

such as CO2 and CO.369 The photoresist residue was dissolved and removed by ethanol, 

leaving the patterned SWCNTs on PET films. Figure 1.17 (a) shows an example of a patterned 

CNT film formed by O2 plasma by following this approach. CNT TCFs with various T and Rsheet 
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were prepared by controlling the power of the plasma and the etching period (generally, lower 

power and shorter period produces less transparent films with lower Rs). The CNT TCFs 

normally have Rsheet of ∼500 Ω sq−1 at T = 80% (σDC/σOP = 3.0), which can almost satisfy the 

requirement for a touch panel. It is worth noting that this procedure involves photoresist and a 

photo mask, which may produce whatever pattern is preferred but has high cost for industrial 

applications. 

In contrast, direct laser interference patterning can also be applied to produce MWCNT films 

with well-defined patterns, in which there is no photolithography step and it can have the 

spatial intensity variation with the interference of more than one light beam and the variations 

can be transferred to a light-sensitive material,370 as shown in Figure 1.17 (b). In detail, a 

MWCNT film was first spin-coated on a borosilicate glass and sintered at 300 °C under 

atmosphere for about 20 min. By tunning the intensity of the laser, MWCNTs were removed at 

the positions of the interference maximum to achieve patterns in various sizes. MWCNT TCFs 

with either line- or dot like periodic features were formed on borosilicate glass substrates by 

using two or three light beams at the same time. This method is very appropriate in the 

preparation of some regular patterns requiring very high resolution. 

The previous two methods require preparation of CNT dispersions before patterning, which 

may increase the period of processing, but laser-based patterning procedure can also be 

combined with some dry methods in the preparation of CNT films, such as CVD. With the aid 

of a laser beam, vertically aligned carbon nanotube arrays (a mixed material of SWCNT and 

DWCNT) can be transferred and patterned onto polycarbonate (PC) substrate at the same 

time.371 Specifically, the vertically aligned CNTs with high uniformity were first grown at 750 °C 

on a silicon substrate with the iron nanoparticles deposited by e-beam as the catalyst. The 

requirement of controlling the growth conditions was necessary to obtain the vertically aligned 

CNTs. The PC film with a piece of glass was then placed above the forest and the pressure 

was applied. The laser beam was turned on to irradiate the interface, and the heat absorbed 

enhanced the adhesion between the CNTs to the polymer surface. Positive and negative 

patterns of CNTs were defined on PC and silicon surface with the control over the movement 

of the laser before separating the Si−CNT−PC, as shown in Figure 1.17 (c). This method 

achieves patterning and transferring at the same time without the preparation of any CNT 
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dispersions, which is highly efficient. The main disadvantages include the difficulty in 

controlling the CVD reaction conditions and the limited lateral conductivity for the aligned film 

(0.4−0.6 Ω−1 cm−1), though it is  possible to increase the conductivity of the film by collapsing 

them into different orientations. 

 

Figure 1.17 SEM images of patterned CNT films produced with (a) O2 plasma (the inset 
is the region after the exposure to the O2 plasma).368 Adapted with permission from ref 
368. Copyright 2010 American Chemical Society. (b) Direct laser interference. Adapted 
with permission from ref 370. Copyright 2008 Elsevier. (c) Laser-assisted process.371 
Reprinted with permission from ref 371. Copyright 2012 American Chemical Society. 

Among all of these methods, CNT patterns are realised on both flexible and rigid substrates. 

High-resolution patterns (with micron meter resolution) were achieved using some simple and 

rapid methods with excellent reproducibility. The ability to pattern CNT TCFs is really important 

for commercial applications, such as touch panels. A matrix of rows and columns of conducting 

material are required in most of these industrial products. Specifically, either etching CNT 

TCFs into a microgrid pattern or combining two CNT TCFs with parallel strips in a 

perpendicular way can solve the problem.  Normally, T of the CNT TCFs increases with an 

increase in Rsheet because of the formation of a CNT network with lower packing density. For 

example, with the increase of the power and the period of the O2 plasma, the density of the 

CNT will be below the percolation threshold at some point, and therefore there are no 

conductive channels. To achieve a higher FOM, both parameters need to be considered. The 

other important factor to take into account is the width of the strips, as the transport properties 
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of the film is dependent on the width of the CNT TCFs, especially in the cases of randomly 

aligned CNT films (refer to section 1.2.4.1.2). However, the patterning processes of CNTs are 

appropriate on lab-scale generally. Some other issues, including the application of energy-

consuming processes and strict control over reaction conditions remain to be resolved. 

1.3.4 Doping to improve the properties of CNT TCFs 

To satisfy the industrial requirements for CNT TCFs, including the anode of OLED displays 

(above 50 Ω sq−1 at T = 90% (σDC/σOP = 69.7)125) and LCD screens (above 100 Ω sq−1 at T = 

85% (σDC/σOP = 22.3)),125 chemical doping is one effective approach to improve the 

optoelectronic properties of pristine CNT films. The resistance of a CNT network is related to 

the resistance of each individual CNT and the contact resistance between individuals (refer to 

1.2.4). Chemical doping can improve the conductivity of both individual CNT and the contacts 

by shifting the Fermi level to increase the density of states of charge carriers (holes or 

electrons determined by the type of the dopants, either p-type or n-type), as shown in Figure 

1.18. In addition, it has been shown that the shift of the Fermi level can reduce the Schottky 

barrier height between metallic and semiconducting SWCNTs.372 Therefore, doping reduces 

the Rsheet of CNT TCFs by improving the conductance of each individual CNT and enhancing 

charge percolation within the network. 

Theoretically, the Fermi Level of semiconducting species is normally located at an 

equipotential position (Figure 1.18 (a)) between the valence and conduction band, and 

therefore both p-type and n-type doping with electron-withdrawing and -donating effects can be 

achieved by different dopants, as shown in Figure 1.18 (b) and (c). Practically, p-type doping is 

more widely studied since the oxygen in the air has a slight p-doping effect on CNTs under 

ambient conditions.373 Whether a dopant introduces p- or n-type doping is dependent on either 

the electronegativity (when they are atomic dopants) or the electrochemical potential (when 

they are molecules and inorganic materials).372 There are many different types of dopants for 

p-doping, such as NO2 ,374 H2SO4 ,375-376 H2SO4 ,375 HNO3,318,377-385 SOCl2,375,377,379,386-387 the 

combination of HNO3 and SOCl2,159 SOBr2,388 HCl,389 Br2,390 Nafion,378 tetrafluorotetracyano-p-

quinodimethane (F4TCNQ),391 MoOx,392 oleum,335 iodine,375 bromine,393 triethyloxonium 

hexachloroantimonate (OA),394 and bis-(trifluromethanesulfonyl)imide (TFSI).395 
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Figure 1.18 Density of states versus energy of semiconducting SWCNTs: (a) Without 
doping, (b) p-type doping, and (c) n-type doping. v1, v2, v3, c1, c2, and c3 are the ith levels 
of the valence and conduction band. The red dashed lines show the Fermi level under 
each condition. 

The doping process normally is performed by immersing the CNT TCF into a concentrated 

solution of dopant for a period of time (ranging from 10 seconds to a few hours) or exposing 

the films to an atmosphere when gaseous dopants are applied. Table 1.4 shows the 

optoelectronic properties of CNT films before and after chemical doping (p-type). Among these 

dopants, H2SO4 doping seems to have the highest enhancement of FOM in percentage 

(5800%), but this value is probably over exaggerated since the starting value of σDC/σOP is very 

low (about 0.1). Although most of the chemically doped TCFs are still below some certain 

types of industrial requirements, such as the anode for OLED displays, the optoelectronic 

properties in all the cases are improved.  TFSI is particularly promising. 
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Table 1.4 Influence of the chemical dopants (p-type) on the optoelectronic properties of 
the CNT films before and after doping; the values in brackets show the increase of 
σDC/σOP in percentage after chemical doping 

 Without doping With doping 
Dopants T Rsheet  (Ω sq-1) σDC/σOP T Rsheet  (Ω sq-1) σDC/σOP 
H2SO4 

375, 376 93.1 % 50500 0.1 93.3 % 1010 5.3 
(5200 %) 

HNO3383 83 % 600 3.2 83 % 48.5 39.8 
(650 %) 

HCl389 79.6 % 2800 0.6 79.6 % 330 4.7 
(683 %) 

SOCl2386 87 % 380 5.3 87% 160 16.3 
(138 %) 

HNO3 + SOCl2 
379 80 % 300 5.3 80 % 105 15.2 

(186 %) 

SOBr2388 77.6 % 184 7.6 77.6 % 56 24.9 
(228 %) 

MoOx392 85 % 1000 2.2 85 % 100 22.3 
(914 %) 

Oleum335 90 % 800 4.4 90 % 300 11.6 
(164 %) 

OA394 80 % 200 8.0 80 % 90 17.7 
(121 %) 

TFSI395 85 % 600 3.7 85 % 38.4 58.0 
(1468 %) 

 

Recently, a comprehensive study about doping mechanisms was published by Puchades et 

al.396 In their study, more than 40 types of dopants were used to dope the SWCNT films and 

the change in conductivity was used to characterise the doping effect. They noticed that the 

amount of enhanced electrical conductivity due to doping is dependent on the relative potential 

difference between the redox potential of the chemical dopant and the SWCNT electronic 

transitions (in detail, the lower the redox potential, the worse the dopant). Based on this idea, 

one may deduce that the effect of the dopants might be different with different chiral species of 

the SWCNTs. Then, it is possible to finely control the conductivity by intentionally choosing a 

chemical dopant with the required redox potential in a SWCNT film of mixed chiralities. Other 

mechanisms of the most prevalent chemical dopants of CNTs are listed in Table 1.5 with 

simple explanations. 
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Table 1.5 Mechanisms of some prevalent dopants for p-doping CNT 

Chemical dopants Mechanism and effect 

H2SO4 

Intercalated SO3/SO42- attracts the electrons from 
CNT and lowers the Fermi level (by 0.5 eV) with 
the creation of more holes in valence band.397 
It helps to remove some amphipathic/polymeric 
dispersant and thus reconstruct the network to 
reduce the contact junction between CNTs with 

tighter contacts. 

HNO3 

Physisorbed HNO3/NO2 molecules on the surface 
and bundles of SWCNTs enable the transfer of 
electrons from CNT to NO3- groups, which shifts 

the Fermi level by 0.2 eV.397 
An enhanced contact between individual CNTs is 

achieved by removal of impurities, including 
carbon black, metal catalysts, organic solvents 
(NMP etc.) and others adsorbed on the walls of 

CNTs. 

HCl 

HCl doping is similar to that of H2SO4 and HNO3 
via intercalation; 

It can shift the Fermi level by 0.1 eV.397 
The desorption of HCl is faster than that of H2SO4 

and HNO3. 397 

SOCl2 

The hole doping effect is due to the electron 
withdrawing nature of the decomposition of SOCl2 

(2SOCl2 + 4e- → S + SO2 + 4Cl-). 
The conduction mechanism changes from 

thermionic emission to tunnelling through the 
barriers. 

SOBr2 

SOBr2 is larger than SOCl2. Br- anions are 
chemically bonded to the side walls of CNTs and 

interact with metallic SWCNT more easily than the 
semiconducting species. The oxidation of Br- anion 

occurs during the process, which is the driving 
force of the electron transfer. 

It may cause the formation of -C-S-C- bond with 
the possibility of crosslinking SWCNTs.398 The 
formation of new transport paths via S atoms 

between CNT is possible. 

MoOx 

Electron transfer from CNT to MoO3 via the 
following interaction: MoO3 + CNT → CNT𝛿𝛿+ + 

MoOy𝛿𝛿-.392 
The stability of this doping effect can be enhanced 

by thermal activation. 
Triethyloxonium OA is an one electron oxidant. 
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hexachloroantimonate  (OA) P-type doping is achieved via the following 
scheme with the formation of a charge-transfer 

complex: SWCNT + OA → SWCNT +[Sb(Cl)6]- + 
C2H5Cl + SbCl3 + (CcH5)2O394 

Bis(trifluromethanesulfonyl)imide (TFSI) 

Different acidic derivatives of TFSI dopants can 
adsorb onto defects or the sidewalls of CNTs 

depending on their chemical structure. 
They can accept electrons from CNTs and shift the 

Fermi level down. 
Among all 3 types of derivatives 

(bis(trifluoromethanesulfonyl) amine, silver 
bis(trifluoromethanesulfonyl)imide and N-phenyl- 

bis(trifluoromethanesulfonyl)imide), 
bis(trifluoromethanesulfonyl) amine is the most 

effective dopant.395 
In most cases, the transmittance of the CNT films does not change significantly after doping, 

as shown in Figure 1.19 (a).159 Through the visible light wavelength range, T is maintained at 

the same level after doping while there is a slight increase around 1.5 eV (at about 830 nm) 

with certain types of dopants, such as HNO3 and SOCl2. 

In most cases, the Rsheet of films decreases by a factor of from 3 to 8 after doping. Typically, in 

p-doping process, there is a downshift of the Fermi level into the valence band by electron-

withdrawing from the CNT to the dopants (corresponding to the increase of the work function 

of the CNT from 4.5−4.8 eV to more than 5 eV) (as shown in Figure 1.18 (b)).348 Since there 

are more charge carriers available, the charge percolation is reinforced with a resulting lower 

Rsheet. In contrast, n-type dopants raise the Fermi level (as shown in Figure 1.18 (c)) by ∼1.21 

eV in the DOS, such as nitrogen, while the nitrogen states are just above the Fermi level.399 
Some studies show that the contact resistance from one individual CNT to another is 

decreased during acid treatments and the conductivity of the CNT based network is improved 

because of the removal of the insulating dispersing agents, including SDS during the 

preparation of the suspension.318,381 Furthermore, some intercalated dopants can act as 

bridges which electrically connect individual CNTs. In detail, the trigonal channels are filled 

with closely packed ionic chains by alkali metals which act as the dopants in most cases (such 

as potassium).400 Therefore, charge carriers moves along outside the tube wall with the 

overlapping of the K 4s related hybridised bands with the Fermi level.401 
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However, one of the largest concerns is that the chemical doping effect by most of these 

dopants are not long-lasting since these dopant molecules are only weakly adsorbed on the 

shells of CNT and they have the potential to desorb. As shown in Figure 1.19 (b),379 the 

undoped film has much better stability than that of the doped counterpart, though their Rsheet is 

higher than that of the doped sample. This poor stability will be a practical issue for commercial 

purposes. It has been shown that a PEDOT:PSS capping layer is able to suppress the 

degradation of the film properties effectively, as shown in Figure 1.19 (c).379 Doping ClO4− ions 

on the wall of SWCNTs by an electrochemical method in  LiClO4/acetonitrile solution can 

achieve a similar protection purpose, and as a result, the Rsheet of the doped film was stabilised 

for more than 20 days under atmosphere conditions,402 as shown in Figure 1.19 (d). The 

incorporation of MoOx with CNTs to form a composite (refer to section 1.3.5) is also capable of 

improving the stability of Rsheet. In detail, the activation of the charge transfer from CNT to 

MoOx is realised by annealing at high temperature (at 450 °C), and the prepared CNT films 

show great stability under various conditions, as shown in Figure 1.19 (e).392 The incorporation 

of MoOx produces a film with much better stability in terms of Rsheet when compared to 

conventional chemical doping approaches, such as (2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane) (F4-TCNQ), especially when heated in ambient conditions at high 

temperature (300 °C). In air, the upper limit of the stability under heating condition of Rsheet for 

MoOx incorporated CNT films is at ∼390 °C, which is due to the oxidisation of CNTs. The non-

volatility below 390 °C contributes to the excellent thermal stability. In short, it will be essential 

to solve the stability concern of the doped CNT TCFs before commercial applications in 

industry. 
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Figure 1.19 (a) Transmittance comparison between the pristine and HNO3 and SOCl2 
doped CNT films. Reprinted with permission from ref 159. Copyright 2007 AIP 
Publishing LLC. (b) Performance degradation of the doped and undoped films exposed 
to air. (c) Protection on the Rsheet with the addition of a PEDOT:PSS capping layer. 
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Reprinted with permission from ref 379. Copyright 2008 John Wiley & Sons, Inc. (d) 
Improvement in the stability of the Rsheet by doping of ClO4−. Reprinted with permission 
from ref 402. Copyright 2015 Royal Society of Chemistry. (e) Stability tests of the MoOx 
and F4-TCNQ doped CNT films to different conditions. The inset shows the comparison 
with other material-doped CNT TCFs.392 Reprinted with permission from ref 392. 
Copyright 2012 American Chemical Society. 

1.3.5 CNT-based hybrid films 

Other than chemical doping, hybridisation of CNTs with other materials is another frequently 

used approach to improve the optoelectronic properties of the films via the combination of the 

merits of all the components applied. There are common types of materials, such as metal 

nanoparticles and nanowires, conductive polymers, and graphene based materials. The 

optoelectronic properties of some selected CNT-based hybrids are listed in Table 1.6. 

Table 1.6 Optoelectronic properties of the typical hybrid films based on CNTs 

Components Preparation T Rsheet  (Ω sq-1) σDC/σOP   
DWCNTs/ 
AgNPs403 Mayer bar coating on PET 90.4 % 45.8 79.5 

SWCNTs/ 
AgNWs404 

Filtration transfer of the 
mixture suspension of 
SWCNT and AgNWs 

84 % 20.9 99.0 

SWCNTs/ 
PEDOT:PSS 

405 

Vacuum filtration of the 
mixture suspension of 

SECNT and PEDOT:PSS 
75 % 80 15.2 

SWCNTs/ 
Graphene406 

CVD growth of graphene 
films on top of CNT film 
spin-coated on Cu foil 

96.4 % 300 34.0 

 

1.3.5.1 Hybrids with metallic nanomaterials 

CNT networks are hybridised with many different types of metal nanoparticles, such as Pt, Ag, 

and Au via both in situ synthesis and ex situ filling approaches.407 For example, silver colloids 

are modified with H2N(CH2)2SH and terminated with amino groups, which is then followed by 

the surface condensation with DWCNTs containing −COOH groups functionalised by 

concentrated nitric acid and sulfuric acid. As shown in the transmission electron microscope 
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(TEM) image in Figure 1.20 (a), AgNPs are spread all over the DWCNTs in the hybrid. The as 

prepared soot of Ag−DWCNT was filtered, rinsed with water, collected, and redispersed into 

aqueous solution with the addition of SDS. The hybrid film was prepared by Mayer bar 

approach (refer to section 1.3.2.2.2) on a PET substrate and the immersion of the film in HNO3 

was performed to remove the surfactants, SDS (as described in section 1.3.4). The resulting 

film was then annealed at 150 °C for 30 min to melt Ag so as to increase its contact region with 

the DWCNTs and the Rsheet of the TCF was 45.8 Ω sq−1 at T = 90.4% (σDC/σOP = 79.5), which 

meets most of the requirements for TCFs in commercial applications. This improvement was 

mainly caused by the grafting of AgNPs onto the DWCNT surface, which provided increased 

contact areas between DWCNTs and therefore reduced the junction resistance. 403 Silver 

nanowires (AgNWs) were also incorporated with CNTs to form hybrid networks by drop 

casting404 as well as filtration transfer.408 Both methods started with the preparation of hybrid 

dispersion in ethanol. Figure 1.20 (b) shows the SEM images of the film of the hybrids, in 

which CNTs and AgNWs are interconnected with each other and create a 3D network. The 

Rsheet of the hybrid films was 29.2 Ω sq−1 at T = 80% (σDC/σOP = 54.7) and 20.9 Ω sq−1 at T = 84% 

(σDC/σOP = 99.0) from drop-coating and filtration transfer approaches, respectively. The 

optoelectronic properties of the hybridised TCFs are significantly improved compared to those 

of the pure CNT TCFs. In the control experiment, the Rsheet of the pure AgNWs films is ∼100 Ω 

sq−1 at T = 80% (σDC/σOP = 16.0) and 500 Ω sq−1 at T = 84% (σDC/σOP = 4.1). The improvement 

is mainly caused by the high conductivity of the AgNWs, while CNTs function as the additional 

charge-transport channels as well as the mechanical support matrix. The major issues with 

metallic NPs and NWs is their relatively expensive precursors and the potential of creating a 

hazy TCF.1 

1.3.5.2 Hybrids with conductive polymers 

The potential alternatives to inorganic hybrid TCFs is the application of organic components 

due to the low cost, less toxicity and excellent flexibility.409 One of the first organic used in this 

area is polyaniline which was applied to form transparent hybridised CNT films in 1999.410 

More recently, PEDOT:PSS was also applied to create hybridised films with CNT networks. 405 

The hybrid solution was first prepared through mixing the stock dispersion of HiPco SWCNT 

(or arc discharged CNTs) and PEDOT:PSS suspension, which was then collected on a filter 
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membrane via vacuum filtration and transferred to a flexible PET substrate with the help of 

heat and pressure. As shown in Figure 1.20 (c), CNTs of both types (HiPco and arc discharge) 

are merged with PEDOT:PSS in an uniform way in the hybrid films. The Rsheet of the hybrid film 

made with the arc discharge CNTs and PEDOT:PSS was 80 Ω sq−1 at T = 75% (σDC/σOP = 

15.2), which is worse than that of the hybridised TCFs CNT made with AgNPs and AgNWs. 

The Rsheet of both types of hybrid films (CNT/PEDOT:PSS) were very stable under tension (the 

change of Rsheet was less than 10%), but the HiPco CNT/PEDOT:PSS films were less stable 

under compression. In contrast, the performance of ITO films on PET substrate degraded 

much faster, with the overall Rsheet increased about 2 orders of magnitude, than both types of 

hybrid films under bendingwhich was mainly caused by the excellent flexibility of both the 

CNTs and the conducting polymers. Additionally, both films had better Rsheet stability than that 

of ITO on PET, as shown in Figure 1.20 (d). 

1.3.5.3 Hybrids with graphene 

To take advantage of the merits from both graphene and CNT, hybrid transparent films based 

on all-carbon materials were prepared, where CNTs bridges the individual graphene sheets.411-

413 CVD is the most common way to synthesise a monolayer of graphene over large area with 

high transmittance (97.7%) and reasonably low Rsheet (∼1 kΩ sq−1).414 Based on this approach, 

a simple procedure was developed recently,406 which involved the deposition of SWCNT onto 

Cu foil via spin coating firstly, followed by the in situ synthesis of graphene on the SWCNT/Cu 

foil surface by thermal CVD. FeCl3 solution etching was used for the removal of Cu foil. As 

shown in Figure 1.20 (e), SWCNTs were spread uniformly and interconnected with graphene 

sheets in the hybrid films after the CVD synthesis. The polycrystalline nature of graphene 

synthesised via CVD results in the decrease in Rsheet because the resistance is dependent on 

charge percolation. At the same time, CNTs bridge each individual graphene crystals and 

lower Rsheet. The Rsheet of films prepared by different approaches have been compared at T = 

∼96.5 %, and the composite film of CNT/graphene has the best quality (300 Ω sq−1 at T = 96.4% 

with σDC/σOP = 34.0), as shown in Figure 1.20 (e). Though the optoelectronic property is worse 

than that of DWCNTs/AgNPs and SWCNTs/AgNWs, it has already met the requirement for 

LCD screens. 
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Figure 1.20 (a) TEM image of CNT hybridised with AgNPs (the dark dots are the AgNPs). 
Adapted with permission from ref 403. Copyright 2011 Elsevier. (b) SEM images of 
SWCNT/AgNW composite films with both off-angle and top view. Adapted with 
permission from ref 404. Copyright 2012 Springer. (c) SEM images of CNT/PEDOT:PSS 
hybrids films and (d) Rsheet stability of CNT/PEDOT:PSS hybrid films  to compression 
and tension.405 Adapted with permission from ref 405. Copyright 2009 American 
Chemical Society. (e) SEM images of SWCNT/Cu foil before and after the graphene 
synthesis. (f) Rsheet comparison among different kind of transparent films based on 
CNTs and/or graphene. Adapted with permission from ref 406. Copyright 2014 John 
Wiley & Sons, Inc. 

Since the hybrids provide a potential method to combine the merits of all materials in the films 

and the current technology has already met many industry requirements, hybrids seem to be a 

promising approach to replace conventional TCO TCFs. These advantages, including the 
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improved optoelectronic properties as well as the stability achieved by the incorporation of 

other material with CNT in the formation of TCFs, are useful in industrial applications, 

particularly when some specific goals are required. However, the relatively high expense of 

some starting precursor materials in hybrids (e.g., Ag) and their long term atmospheric 

instability are the major concerns. Therefore, more research effort to find some cheaper 

materials for hybrid film fabrication is required before its commercial application. 

 

1.4 Application of CNT TCFs  

Transparent conducting films/electrodes play key roles in a variety of electronic devices. With 

the relatively high expense of doped metal oxide films continuing to increase, and customers 

and businesses looking for products with high flexibility and strong mechanical properties, we 

decided to focus on transparent conducting electrodes. It has been shown that the 

optoelectronic properties of CNT TCFs are rapidly approaching that of traditional TCOs, and at 

the same time the strength and flexibility of CNTs is much superior to that of inorganic TCFs. It 

is likely that carbon nanomaterial based films are going to be one alternative for the next 

generation of TCFs in the near future. Though graphene has shown some promising proof-of-

concept devices, the production limitation of high quality graphene remains a concern for this 

technology. As discussed previously, there are a wide range of fabrication approaches which 

have the potential to be applied in commercially scalable production of CNT TCFs. The 

required properties of TCFs in different applications are listed in Table 1.2. In this section, the 

progress made in photovoltaics, touch panels, LCDs, and OLEDs are summarised with both 

strengths and challenges in these applications. 

1.4.1 Photovoltaics 

TCFs based on CNTs and CNT-hybrids have been widely applied in organic photovoltaics 

(OPVs),244,415-417 dye sensitised solar cells (DSSCs),418-421 silicon-based solar cells,422-424 and 

perovskite devices.425-426 Schemes of all these types of cell are shown in Figure 1.21. There 

are two major important properties from the industry point of view for a solar device: the power 

conversion efficiency (PCE) and the long term stability. 
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Figure 1.21 Structures of (a) OPVs, (b) DSSCs, (c) CNT/silicon heterojunction devices, 
and (d) Perovskite solar cells. 

1.4.1.1 CNT TCFs in OPVs 

As shown in Figure 1.21 (a), the common structure of OPVs has a sandwich-like geometry, 

including a transparent conducting electrode (generally a TCO-coated glass, such as ITO and 

FTO); a hole transporting layer (such as PEDOT:PSS) to enhance the hole extraction as well 

as injection; an photoactive layer (which is a bilayer or bulk heterojunction structure); and an 

electrode with lower work function compared to the other materials (such as Al). The working 

mechanisms can be described as following: excitons are firstly formed with the absorption of 

incident photons in the photo active layer, which then diffuse to the heterojunction interface 
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where charge separation takes place; the split charge carriers are transported and collected at 

the respective electrodes as shown in Figure 1.21 (a). In an OPV system, CNT films have the 

ability to serve as the transparent anode,427 the cathode to create an inverted structure,428-429 

an interlayer in tandem devices where MWCNT TCF is able to act as an interlayer between 

two parallel connected devices,430 and as a substitute to the oxidative metal electrode (such as 

Al and Ag, as shown in Figure 1.21 (a), which tends to be involved in the tarnish process when 

there are sulfide species, nitrogen dioxide, and ozone in the ambient atmosphere. For instance, 

a free-standing film of MWCNT was used on top of an inverted n−i−p structure to create 

semitransparent organic photovoltaics, as shown in Figure 1.22 (a). 429 Specifically, small-

molecule layers (including n-type C60 (electron transporting layer), C60 (additional absorber 

layer and electron transporting layer), ZnPc (zinc phthalocyanine):C60 (photoactive layer), and 

p-BF-DPB (2,2′-(perfluoronaphthalene-2,6-diylidene)dimalononitrile-doped N,N′((diphenyl-

N,N-bis)9,9-dimethylfluoren-2-yl)benzidine) (hole transporting layer)) of the solar cells were 

first prepared by thermal evaporation under high-vacuum situation (10−8 mbar). A free-

standing film of MWCNT was then drawn from a CVD-prepared CNT array (refer to section 

1.3.1.2), and it was deposited on top of the device manually. The immersion of the solar cell in 

the orthogonal liquid hydrofluoroether (which is damage-free for organic layers) was performed 

for several seconds so as to achieve the densification of CNTs, which improves T and reduces 

the Rsheet with the formation of denser interconnects (∼250 Ω sq−1 at T = 38% at 550 nm, 

σDC/σOP = 1.2). The resulting solar cell is able to produce photocurrent under illumination from 

both sides. Additionally, the lifespan of the device was extended because of the improved 

stability from MWCNT compared to the traditional oxidative metal electrode. The PCE of the 

device was up to 1.5% (which is about 80 % of the value of its Ag counterpart (PCEAg = 1.9 %)) 

and there was a slightly better stability in efficiency (especially the stability in fill factor) as 

compared to the counterpart devices with oxidative electrode (though 700 h is still short for 

commercial purposes), as shown in Figure 1.22 (b). 429 Noticeably, the limited efficiency is 

caused by the poor optoelectronic properties of the MWCNT TCFs, and thus the PCE can 

probably be further improved by the application of CNT TCFs with better properties as the 

electrode. 

Instead of substituting the metal electrode, hybridised films of CNTs with polyaniline (PANI) are 

able to replace the brittle TCOs and work as the transparent top electrodes in OPVs, as shown 
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in Figure 1.22 (c).431 Specifically, a composite film of CNT/PANI was fabricated by interfacial 

polymerisation with toluene as the top phase and ammonium persulphate (APS) acid solution 

as the bottom phase, where CNTs were self-assembled as a film at the interface with the 

polymerisation of PANI. As a result, the collection of the nanocomposite film at the interface 

was realised by lifting a glass substrate from the bottom to the top phase similar to dip coating 

(refer to section 1.3.2.2.1), as shown in Figure 1.22 (d).431 The doping with camphorsulfonic 

acid as well as the exposure to meta-cresol solvent are required to enhance the optoelectronic 

properties by reducing the Rsheet from 85 000 Ω sq−1 to 295 Ω sq−1 with T = 90% at 550 nm 

(σDC/σOP improving from 0.04 to 11.8) by the polymer expansion from a compact coiled form 

into chains. As shown in Figure 1.22 (e),431 the electrode of the composite film on a PET 

substrate has the best performance (PCE = 2.27 %) among combinations of various substrates 

and transparent top electrodes. Furthermore, the composite film may be applied in the flexible 

OPVs as the stability of the conductivity was excellent after 100 cycles of bending and 

stretching.  

The two major advantages for CNT TCFs applied in OPVs are: (A) there are numerous 

preparation methods of CNT TCF compatible with both solution-based and dry processes, 

which can meet the requirement for different industrial fabrication procedures and (B) the 

excellent flexibility and mechanical properties broaden its commercial application area where 

rigid TCOs are not compatible. However, there are still some disadvantages, such as the 

relatively poor FOM (11.8) which is still much lower than that of TCOs (22.7−222.7, refer to 

section 1.3), though the PCE of the composite-based device is slightly higher than that of 

TCO-based counterparts because of a higher exciton generation active area in the ITO-free 

devices with rough but regular surface which matches the surface of the active layer and hole 

transporting layer (PEDOT:PSS), while this is not the case for TCO-coated electrodes. 
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Figure 1.22 (a) Scheme of an OPV with a free-stranding CNT film which replaces an 
oxidative metal electrode. (b) The comparison of the performance degradation between 
devices with MWCNT and Ag electrode. Reprinted with permission from ref 429. 
Copyright 2012 Elsevier. (c) Structure of the TCO-free OPV device with CNT/PANI 
electrode. (d) Interfacial polymerisation of PANI with CNT present, where the films can 
be collected by lifting a piece of glass slide from the bottom phase to the top phase (the 
resulting CNT/PANI film on top of a piece of paper). (e) The comparison of OPVs’ 
performance with different substrates and window electrodes. Reprinted with 
permission from ref 431. Copyright 2012 John Wiley & Sons, Inc. 

1.4.1.2. CNT TCFs in DSSCs 

A DSSC, as shown in Figure 1.21 (b), is made of a TCO-based transparent anode that has a 

thin layer of porous TiO2 with the adsorbed dye molecules and the catalytic counter electrode 

(usually Pt-coated TCO) separated by a redox-active electrolyte. In this case, electrons excited 

from dye molecules are transported to the layer of mesoporous TiO2 and collected at the 
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anode, while the oxidised dyes are reduced to the original state by redox transfer with the 

presence of electrolyte, which occurs at the Pt counter electrode.  

Most studies in this area focus on the replacement of the CNT TCF to the TCO-coated glass 

as the photoanode in DSSCs. As an example in 2008, Wei et al. prepared a solid-state DCCS 

device with high flexibility where the CNT film was stamped on a PET substrate acting as the 

transparent conducting electrode, as shown in Figure 1.23 (a).432 In detail, the SWCNT film 

was fabricated by filtration/transfer approach where SDS was the dispersing agent to form the 

suspension. SWCNTs were collected on a filter membrane, and transferred onto a PET 

substrate to create the electrode with the filter dissolved by acetone and isopropanol. The 

Rsheet of the resulting film was 250 Ω sq−1 at T = 65% (σDC/σOP = 3.1). The electrode was then 

acting as a scaffold for the deposition of ZnO nanoparticles by the immersion of the CNT/PET 

substrate in the ZnO nanoparticles solution, which usually benefits the loading of black dye 

molecules. As shown in Figure 1.23 (b), the energy diagram of the device shows that the 

charge flow is facilitated. Electrons produced from the black dye transport to the lowest 

unoccupied molecular orbital (LUMO) of ZnO and then to SWCNTs, which act as the 

transporting channels in this case. The PCE of the device was less than 0.5 %, and it was 

lower than that of a typical DSSC counterpart with electrode coated with TCO and organic 

solvents instead of ionic liquid gel. With these two changes in the devices, the optoelectronic 

properties of the electrode (FOM = 3.1) were much worse and the physical diffusion ability of 

triiodide and iodine ion was worse because of the highly viscous nature of the gel. The PCE of 

the DSSC further improved to 2.5% with a commercial SWCNT-coated PET as the 

photoanode prepared by high-speed printing technology from Unidym (Rsheet of 470 Ω sq−1 at T 

= 86%, with σDC/σOP = 5.1) as well as ZnO deposited electrochemically.432 In contrast, the PEC 

of the ITO/PET-based (Rsheet of 15 − 70 Ω sq−1 at T = 85%, σDC/σOP = 148.5−31.8) device was 

3.7%. The PCE (2.5%) was quite promising considering that the SWCNT-coated PET 

substrate had poor optoelectronic properties. There was an issue related to the catalytic 

properties of the CNTs TCFs as the window electrode, where the recombination of the 

separated photoelectrons with triiodide occurs (I3− + 2e− → 3I−). Kyaw et al. proposed the 

application of TiOx sol−gel by spin-coating onto CNT films doped with the sulfuric acid (Rsheet of 

425 Ω sq−1 at T = 76.5%, σDC/σOP = 3.1), aiming to retard the recombination, as shown in 
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Figure 1.23 (c).433 The PCE of the resulting device was 1.8 % for CNT electrode with TiOx, and 

it was higher than that of a control device with CNT electrode without TiOx (0.004 %).  

The major benefit of the application of CNT TCFs is to form flexible DSSCs devices. Although 

the current performances of these devices are still not as good as that of conventional devices 

based on TCO electrodes, there is a promising future in DSSCs with CNT TCFs of excellent 

optoelectronic properties. 

 

Figure 1.23 (a) Scheme and (b) energy diagram of a flexible solid-state DSSC device 
with CNT TCF as the transparent electrode. (c) Schematic comparison between the CNT 
TCF with and without TiOx to demonstrate the retardation of the recombination caused 
by TiOx. Reprinted with permission from ref 433. Copyright 2011 AIP Publishing LLC. 

1.4.1.3 CNT TCFs in CNT/silicon heterojunction solar cells 

The scheme of a typical CNT/silicon heterojunction device is shown in Figure 1.21 (c), where 

the most critical part of the device is the interface between silicon (in most cases n-type) and 

CNT TCFs (normally p-type), and an insulator, SiO2, separates metallic electrode and silicon in 

order to avoid any short-circuits. The CNT TCFs can be prepared with the approaches 

described previously in sections 1.3.1 and 1.3.2. The application of CNT films in this type of 

device was first reported in 2007.434 In detail, an n-doped crystalline silicon substrate was 

covered with a DWCNT film (as shown in the inset in Figure 1.24 (a)). Compared to the 

previously reported OPVs, the CNT network was used in a different way (transporting the 

generated charge carriers). Specifically, the silicon layer first absorbs the incident light, and the 

created electron−hole pairs then diffuse to the depletion region at the interface where the 

separation takes place under the built-in potential created by the equilibration of Fermi level at 
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the heterojunction, described as a p−n junction (as shown in Figure 1.24 (b)), or a Schottky 

junction. The PCE of the resulting device was 1.31 %, (Figure 1.24 (a)).435 Chemical doping is 

required to fabricate high performance devices through the improvement in the optoelectronic 

properties of the CNT TCFs, as discussed in section 1.3.4. One of the simplest p-doping 

approaches of a CNT film is to add diluted HNO3 through the CNT network, which decreases 

the Rsheet of the CNT film as well as creates photoelectrochemical cells at the interface of 

electrolyte and silicon.422 However, the volatility of the acid groups on the CNTs leads to poor 

stability of this device. It has been reported that the Au NPs also have p-doping effect on the 

CNT TCFs and additionally it can improve light absorption by optical scattering.423 As a result, 

both the photocurrent and the open-circuit voltage are normally improved. However the 

excessive Au NPs (more than 10 mM in solution) can introduce some short circuits because of 

their intimate contact with the silicon surface.436 In addition, optical designs, such as 

antireflection layers, have been applied to collect more incident light at the heterojunction 

region with the presence of polymers437-438 as well as metal oxides.424,439 Recently, the PCE of 

this type of devices has been improved to above 15 % by Matsuda and co-workers.439 In their 

study, a layer of molybdenum oxide (MoOx) was deposited between SWCNT film and the front 

Au contact, as shown in the inset in Figure 1.24 (c). This layer has two functions, capturing 

more energy from the incident light by an antireflection effect as well as enhancing the hole 

extraction/injection efficiency by decreasing the interfacial Schottky barrier between Au and 

SWCNTs. The PCE of the resulting device improved to 17 % with the presence of the MoOx 

layer, as shown in Figure 1.24 (c). Although most studies placed the emphasis on the 

combination of p-type CNTs and n-type silicon, the heterojunction can also be created with n-

type CNTs and p-type silicon. By this design, the collection of holes and electrons now occurs 

at the silicon layer and CNT films, respectively. Matsuda and coworkers applied ZnO to 

improve the performance of devices (n-SWCNT/p-Si heterojunction) to 4 % in a similar way.439  

The major advantage with the application CNT films in CNT/silicon devices is the potentially 

lower production and material cost than that of conventional silicon-based solar cells while the 

main problems include the poorer PCEs as well as the poorer stabilities.435 
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Figure 1.24 (a) Dark and light (AM 1.5 conditions) J−V curves CNT/Silicon heterojunction 
device (with the structure of the device shown in the inset).434 Adapted with permission 
from ref 434. Copyright 2007 American Chemical Society. (b) Energy diagrams of the 
heterojunction across p-type CNT and n-type silicon. Reprinted with permission from 
ref 435. Copyright 2012 John Wiley & Sons, Inc. (c) J−V curves of the SWCNT/silicon 
devices with and without the layer of MoOx (the inset shows the structure of devices 
with MoOx layer). Adapted with permission from ref 439. Copyright 2015 Nature 
Publishing Group. 

1.4.1.4 CNT TCFs in perovskite devices 

Perovskite solar cells were first developed in 2009,440 and Figure 1.21 (d) shows the typical 

schematic structure of such device. The detail of the working mechanisms is described as 

follows: the light absorption in perovskite material creates excitons which are then separated 

into electrons and holes being collected at the TCO-coated glass substrates and the metal 

electrode, respectively. There are two proposed suggestions for the separation of the created 

excitons: (A) the thermal energy in the perovskite material and (B) occurs at the interface 

between the perovskite material and TiO2 or hole transport material. The relatively expensive 

metal electrodes (such as Au) used during the fabrication of perovskite devices were replaced 

by CNT films.441 After replacing the metal electrode with CNT TCFS, the PCE improved from 

5.14 % to 6.87 %. The authors attributed the improvement to the stronger driving force of CNT 

films for the hole injection referring to the band alignment. The device could be illuminated 

from both sides due to the sparsity of the CNT network, as shown in Figure 1.25, which makes 

it possible to be used as a solar cell installed on windows. With the addition of spiro-OMeTAD 
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(an effective hole transporting material), the PCE of the devices further increased to 9.9 %. 

Though the performance of devices in this study was not as good as those from some other 

literature, it still indicated the possibility of fabricating a transparent and flexible perovskite 

device without the Au deposition process which is energy-consuming. In addition, with P3HT, 

PMMA-functionalised SWCNTs were reported to enhance the thermal stability dramatically 

with the presence of P3HT together acting as the hole transporting layer due to their better 

stability than that of the organic hole transport layer P3HT itself.442 The major advantages of 

the application of CNTs in perovskite solar cells are the possible realisation of flexible devices, 

the economic fabrication process and material, and the potential of devices suitable for two-

side illumination. 

 

Figure 1.25 The light J-V curves of a perovskite device from two different sides after 
substituting the Au electrode by CNT TCF.441 Adapted with permission from ref 441. 
Copyright 2014 American Chemical Society. 

1.4.2 Touch panels 

There has been a rapid development of touch panels due to the overwhelming consumption of 

modern electronic devices, such as the smart phones, tablet computers, and digital cameras. 

Technically, a touch panel is an interface used to control a digital display device with single 

and/or multiple touches by fingers or styluses. Though there are many formats of touch panels, 

such as those based on infrared grids443 and acoustic pulse recognition444, the most popular 

ones are built with either resistive or capacitive technologies.  
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The following is the description of the working mechanism of a touch panel: when pressure is 

applied on the electrode from the touch side by a finger or stylus, two electrodes are 

connected together and the measurement of the resulting current flow between the two 

electrodes is performed. Meantime, the touch position, x, y, and sometimes z, is identified by a 

signal-processing controller. Finally, the electronic devices, such as the computer, process the 

events after recognising the feedback. 

Unidym attempted to apply CNT TCFs into a four-wire resistive touch panel whose structure is 

shown in Figure 1.26 (a).445 CNT TCFs on PET films (CNTs/PET) were applied to substitute 

the traditional commercial ITO-coated glass-based touch electrode (ITO/glass), with spacer 

dots separating the touch-side electrode (CNTs/PET) from the device-side electrode 

(ITO/glass). At Unidym, purified CVD-grown CNTs were the normal starting materials in the 

preparation of an aqueous ink which was then used to create TCFs onto the certain types of 

polymer substrates (such as PET and PC) via different coating procedures (including spray 

coating, slot coating, inkjet printing, and gravure). The Rsheet of a typical CNT film on PET 

substrate as a touch panel is about 500 Ω sq−1 at T = 88 % (σDC/σOP = 5.71) through the visible 

range.445 

CNT TCFs can also be applied as the electrodes in a capacitive-based touch panel,446-447 as 

shown in Figure 1.26 (b). It consists of two CNT TCFs, in which CNTs are physically buried 

just below the surface of PDMS, as shown in Figure 1.26 (c) and separated with a silicone 

elastomer (also acting as the pressure monitor) with the CNT lines perpendicular to each other. 

When it is pressed by a finger or stylus, the distance between the two electrodes is reduced as 

the deformation of the elastomer by external force. Since there is an inversely proportional 

relationship between the capacitance and distance between the two electrode plates (shown in 

Equation 1.13), the resulting capacitance increases. 

𝐶𝐶 = 𝜀𝜀1𝜀𝜀2𝐴𝐴
𝑑𝑑

          Equation 1.13 

in which C is capacitance; ε1 and ε2 are the electric constant and the dielectric constant of the 

separator, respectively; and A and d are the size of the overlapping region and the distance 

between two electrode plates. The Rsheet of the typical CNT TCF was 564 Ω sq−1 at T = 65% 

( at 550 nm) (σDC/σOP = 1.39).446 Although the optoelectronic properties are lower than the 
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minimal requirement for commercial application, its unique design of CNT buried in PDMS with 

high flexibility endows the panel with excellent mechanical strength. The stability of the elastic 

electrodes under repeated stretches with strains of up to 300% was excellent and the 

electrodes were still functioning (the Rs is about 10 kΩ sq−1 and the T increased slightly) after 5 

tests with adhesive tape.  

In addition, a hybrid-type transparent electrode for touch panels based on the combination of 

SWCNTs with a silver grid was also created.448 In terms of the optoelectronic properties, metal 

grids are the best alternative material to ITO, however, because of the fast oxidation rate when 

exposed to atmosphere, their instability limits the commercial applications, such as touch 

panels grids.449-450 Oppositely, the chemical as well as thermal stability of CNTs are two key 

advantages over the metal grids. The possible application of a silver grid coated with SWCNTs 

via EPD (see section 1.3.2.2.5) as touch panels has been reported.448 The hybridised 

electrode has excellent optoelectronic properties with Rsheet of 15.5 Ω sq−1 at T = 80% (σDC/σOP 

= 97.2, and this is much higher than the minimal requirement for many applications, including 

touch panels).448 Furthermore, the hybrid also has enhanced stability of the properties with the 

exposure to warm (85 °C) and humid (85 % humidity) conditions for 5 days, as shown in Figure 

1.26 (d).448 This result was a vivid example of combining the excellent optoelectronic 

properties from metallic grids with the intrinsic stability of CNT together in a real application of 

touch panels. 

Compared to TCO-based touch panels, there are two major benefits from CNT TCFs. Firstly, 

CNT has a similar refractive index to that of many other polymers while the refractive index of 

ITO is much higher (nCNT ≈ 1.5−1.6, nITO ≈ 2, and nPET ≈ 1.5) so that the reflection at the 

interface is suppressed when CNT TCFs are applied onto polymeric substrates, such as PET, 

and thus the readability is better, as shown in Figure 1.26 (e).445,451 Secondly, the lifetime of 

CNT TCFs is better due to their chemical and thermal stability. For instance, as shown in 

Figure 1.26 (f), CNT/ITO devices (where CNT is the top electrode with ITO as the bottom 

electrode) can function more than 1 million actuations, while ITO/ITO (where ITO-coated 

glasses are used as both top and bottom electrodes) devices failed after about 50,000 touches 

by a pen (the tip radius of which is 0.8 mm).445 Some other advantages of CNT TCFs over 

metal TCO-based TCFs are their better chemical stability under acidic environment and more 
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“neutral” colour than ITO (the latter has a tinge of yellow).452 The lower haze factor is the major 

superiority of CNT TCFs over metal nanowires since large-diameter metallic nanowires always 

suffer from optical haze issues.453 

 

Figure 1.26 (a) Schematic structure of four-wire touch panel.445 (b) Optical image of a 
capacitive-based touch panel consisting of two patterned CNT TCFs (the inset shows 
the 3D structure) and the illustration of the capacitor area with and without the addition 
of external pressure. Adapted with permission from ref 446. Copyright 2013 Royal 
Society of Chemistry. (c) SEM image of the SWCNT film buried underneath the surface 
of PDMS (the inset is the view of the cross section morphology). Adapted with 
permission from ref 446. Copyright 2013 Royal Society of Chemistry. (d) Stability tests 
showing the change of the sheet resistance versus time of the TCFs. Reprinted with 
permission from ref 448. Copyright 2015 Elsevier. (e) Comparison of the optical images 
viewed through between a CNT/PET and ITO/PET screen under daylight. Reprinted with 
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the permission from ref 445. Copyright 2009 John Wiley & Sons, Inc. (f) Plot of 
normalised switch resistance as a function of single point actuation number. Reprinted 
with permission from ref 445. Copyright 2009 John Wiley & Sons, Inc. 

1.4.3 Liquid crystal displays 

In the past a few decades, LCDs have become one of the most commonly used display 

devices in electronic industry. The simplified schematic structure of the key parts of a single 

pixel of LCD is illustrated in Figure 1.27 (a). It consists of two ITO-coated glasses facing each 

other, and there is a polymer layer with some groove-like patterns on top of each, which are 

normally prepared by mechanically rubbing, and their function is to orient the molecules of 

liquid crystal in a specific direction. There are several problems for the current rubbing 

polymeric films (usually polyimide), such as the charging of surface electrostatics, damage of 

the films, and broken debris, all of which lead to a poor performance. Polarizers (not illustrated 

in the schematic structure) are placed in the same direction as the grooves of the polymers 

with each electrode (and so they are normally crossed). Usually, when there is no applied 

voltage (the pixel is in the off state), the liquid crystal molecules are in a twisted configuration, 

as shown in Figure 1.27 (a). As a result, the light is able to pass through the whole unit with a 

bright pixel. When there is an external voltage applied to the unit (the pixel is now in the on 

state), the liquid crystal molecules in the cell are oriented into one direction and all the light can 

pass through the first electrode but is blocked by the second one; thus, the cell is dark. The 

colour of the pixel is controlled by placing filters with different colours in front of the whole 

device.  

There are three reasons for the TCFs based on aligned CNTs replacing the polymeric 

materials and at the same time the expensive ITO: excellent T, high conductivity, and the 

necessary groove-like structures from aligned CNTs used to orient the liquid crystal 

molecules.454-456 The function of CNT TCF replacing the ITO only was studied by Park et al.457 

CNTs were coated on a glass surface via spray coating (refer to 1.3.2.2.3), and the layer of 

polyimide was then applied. The CNT/glass electrodes were mechanically rubbed in the same 

manner as a traditional ITO-coated glass/polyimide electrode, and the latter served as a 

control device. Here, since the groove-like features were realised with polyimide surface, it is 

not necessary to use the aligned CNT films. The Rsheet of the randomly aligned CNT film, as 
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shown in the inset in Figure 1.27 (b), was 198.4 Ω sq−1 at T = 81.8% (σDC/σOP = 9), which was 

much lower than the minimal requirement for LCD (22.3). The transmittance versus voltage 

curves were collected to explore the alignment features of the liquid crystal molecules in the 

cell, as shown in Figure 1.27 (b).457 When there was no applied voltage, both cells had a 

transmittance of about 100%, and the cells were bright under the backlight. Liquid crystal 

molecules started orienting along the direction perpendicular to the electrodes with the 

increase in the applied voltage, and as a result the light beam was blocked. The voltage 

difference at the transmittance between 90 % and 10 % is defined as the effective switching 

amplitude. Devices made of ITO-coated glass/polyimide electrodes had a higher effective 

switching amplitude (1.61 V) than that of the devices fabricated with glass/CNT/polyimide 

electrodes (1.19 V). This fact was caused by the electric-field effect--a strong localised electric 

field is induced by CNTs with high aspect ratio.458 This enabled the production of a 

concentrated electric field by the CNT electrode under the applied voltage and thus the liquid 

crystal molecules were polarised at a lower voltage. 

Scientists achieved some success in this area earlier in 2010.455 An aligned MWCNT film was 

produced by drawing MWCNT from an aligned MWCNT forest onto a substrate (refer to 

1.3.1.2). The MWCNTs used in that study had 6 to 12 shells, with a diameter and length of 10 

to 15 nm and 250 µm, respectively.  As shown in the SEM image of the resulting film on glass 

(Figure 1.27 (c)), the width of the film (perpendicular to the direction of drawing) was up to 10 

cm, and MWCNTs were well-aligned along the drawing direction due to van der Waals 

interaction. The Rsheet of the prepared film was 1200 Ω sq−1 at T = 85% (σDC/σOP = 1.86, much 

lower than the minimal commercial requirement for LCD, 22.3). Here, the CNT/glass was used 

to replace the ITO/glass and the polymeric materials at the same time. With the control over of 

the applied voltage on the two electrodes, the colour of the cell unit was switched between 

bright (voltage off) and dark (voltage on), as shown in the inset in Figure 1.27 (c). This 

successful control was caused by the deep groove-like structures from the surface of the well-

aligned MWCNT. In addition, when the voltage was off, it produced the long-range elastic 

strain energy enabling the liquid crystal molecules to be oriented parallel to the grooves of the 

MWCNT on glass.  
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Later, Lee et al. rubbed the well-aligned CNT film on top of glass drawn from an aligned 

MWCNT array (the diameter and the length of MWCNTs are 10 nm and 400 µm) in the same 

way as the traditional rubbing process for the polymeric materials.454 The orientation of the 

CNT film became more uniform to the direction of rubbing, though the majority of the CNTs 

were well-aligned to the drawing direction without rubbing process. Unfortunately, the 

optoelectronic properties of the films were not mentioned in their study. The direct current (DC) 

residue is defined as Equation 1.14. 

𝐷𝐷𝐶𝐶  𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟 =  ∆𝑉𝑉1+ ∆𝑉𝑉2
2

          Equation 1.14 

in which ΔV1 and ΔV2 are the voltage differences at the half maximum of the capacitance as 

the applied voltage increases and decreases, respectively, as shown in Figure 1.27 (d). The 

DC residue was compared between the devices based on the glass/rubbed CNT electrode and 

the conventional ITO-coated glass/polyimide counterpart. The DC residue has a close 

relationship with the persistence of the image (high value corresponds to severe image 

retention). It was reported that the DC residue of the glass/rubbed CNT-based device was 

lower than that of the traditional counterpart. Additionally, glass/rubbed CNT-based device did 

not contain an insulating polymeric material layer between the TCF and the liquid crystal 

molecules, which indicates less hysteresis. 
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Figure 1.27 (a) Schematic structure of the major parts of a twisted nematic single crystal 
LCD pixel. (b) Relationship between T and voltage for devices built with two different 
electrodes, ITO-coated and CNT TCF-coated glass (inset shows the SEM image of the 
CNT film). Adapted with permission from ref 457. Copyright 2012 Electrochemical 
Society. (c) SEM image of an LCD electrode (the inset is the on and off state of the LCD 
cell). Adapted with permission from ref 455. Copyright 2010 Elsevier. (d) Scheme of the 
capacitance as a function of voltage test to estimate the DC residue from the 
measurement of the capacitance by increasing and decreasing voltage applied.454 

1.4.4 Organic light-emitting diodes 

There are two electrodes (anode and cathode) in a typical OLED, and between these two 

electrodes is the emitting layer which contains electroluminescent material (in most cases with 

electron-transporting and hole-transporting layers at the same time) producing light in 
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response to the voltage-induced current. When there is a voltage applied between the anode 

and cathode and the injection of the electrons into the LUMO level of the cathode side occurs, 

these electrons are then withdrawn to the HOMO level at the anode side due to the relatively 

positive voltage all the way through the electron transporting, emitting, and hole-transporting 

layers. The recombination of the electrons and holes and the process of the relaxation at the 

emitting layer contribute to the production of photons, as illustrated in the energy diagram 

(Figure 1.28 (a)). There are many excellent properties of OLEDs, which are the basis of one of 

the best solid-state electronic displays, including the lightweight nature, low power 

consumption but with high light intensity with short response time, and a broad view angle. 

Response to the market demand due to these properties, in turn, encourages the technology 

development. Since CNTs have a similar work function (about 4.5−5.2 eV) as that of ITO, the 

CNT TCFs with excellent optoelectronic properties then seem to be potential alternative to ITO 

as the anode in the fabrication of OLEDs, with the extra benefit of high flexiblility.459-468 The 

important properties of some CNT TCF-based anodes are listed in Table 1.7. Basically, an 

ideal OLED would need the roughness to be low (so as to have limited leakage current) and a 

low turn-on voltage along with a high current efficiency and maximum light output. 

Table 1.7 Important parameters of CNT TCF-based anodes in OLEDs 

Anode 
composition 

Surface 
roughnessa 

(nm) 

Turn-
on 

voltage 
(V) 

Maximum 
light 

output 
(cd m-2) 

Maximum 
current 

efficiency 
(cd A-1) 

T Rsheet 
(Ω sq-1) 

σDC/σOP 

SWCNTs/glass460 4.2 4.2 4224 3.12 64.8 % 30 25.9 
SWCNTs/PET461 3 7 2587 5.44 81 % 70.6 24.0 
P3HT wrapped 
SWCNTs with 

gold grids/glass462 
2 4.7 8260 3.1 94 % 25 240 

PEDOT-SWCNTs 
composite/PENb463 3.35 12 3400 4.6 86 % 160 15.0 

Graphene-
SWCNTs 

composite/PET464 
1 3.1 29490 14.7 89 % 76 42 

a Surface roughness: the value is root mean square (RMS) average of the profile height 
deviations after optimisation. 

b PEN: polyethylene naphthalate 
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Liu et al. reported a pure carbon material-based anode electrode with PET substrate for 

OLEDs in 2014.464 It consisted of two few-layer graphene sheets (FLGs) on top of a pre-grown 

array of SWCNTs. The SWCNT array was first grown on a quartz substrate by CVD and was 

then transferred to a PET substrate with the help of PMMA as a mediator. Before the transfer 

with the supporting layer of PMMA, FLG sheets were treated with 1-pyrenebutyric acid N-

hydroxysuccinimide ester (PBASE) in DMF in order to increase the work function of the FLG 

surface since high work function benefits the hole injection at the anode.469 As shown in Figure 

1.28 (b), the current density of the devices increases with an increase in the external voltage 

and, as a result, luminance of devices occurs with the conversion of electricity into light. 

Compared to ITO-based device, the pure carbon anode-based devices have a lower turn-on 

voltage (3.1 V), and can also easily reach 1000 cd m−2 with relatively low applied voltage (7 V). 

The highest luminance value for this SWCNT−FLG-based device was much higher than that of 

pure graphene anode-based device (above 29 000 versus less than 1000 cd m−2).470 High 

flexibility of the device is another very attractive benefit for the entire carbon material anode-

based OLEDs, as shown in Figure 1.28 (c). It was shown from the results of the bending tests 

that the device was still able to emit after hundreds circles of bending with an angle up to 90 

degrees. 

One important parameter for an OLED diode is the roughness which determines the 

homogeneity of the luminance. The length of SWCNTs, 1−2 μm, is normally larger than the 

active layer thickness. It is very easy to short the device with SWCNTs penetrating through the 

active layer and bridging between cathode and anode due to the high current-carrying capacity 

of SWCNTs. As shown in Figure 1.28 (d) (RMS = 8 nm), there are several large pore areas 

and protrusion points of a pure SWCNT network, and these are the original sources of possible 

shorts as well as the light scattering. Thus, most of the studies in the field of CNT TCF anode-

based OLED included surface morphology optimisation. The in situ polymerisation of PEDOT 

was used to address this problem.463 This approach was able to fabricate a very smooth anode 

with no pores and the RMS was reduced to 3.35 nm. As a result, the failure rate in the device 

fabrication decreased dramatically with the improvement in the luminance uniformity. 

Rather than the in situ polymerisation, spray coating and spin coating can also be used to 

apply conductive polymers with the extra benefit of higher contrast ratio. A SWCNT anode 
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covered with PEDOT:PSS is able to absorb light and then reduce the amount of the injected 

ambient light penetrating into the device. As a result, a better contrast ratio is achieved by the 

reduction of the reflection from the injected ambient hitting at the metal cathode surface. As 

shown in Figure 1.28 (e), the contrast ratio of PEDOT:PSS-coated SWCNT TCF-based OLEDs 

was more than three times higher than that of the conventional counterparts based on ITO.460 

Metal grids are another alternative for the OLED anode, and their optoelectronic properties 

sometimes are better than those of SWCNT networks. However, there are many large spare 

areas between the grids to retain the high transmittance. If the gap between grid lines is much 

larger than the diffusion length of holes, the injected holes in the centre area are difficult to 

collect. The recombination of the charge carriers (holes and electrons) can only occur at the 

region next to the grid lines, and then, the luminance would only happen in the area close to 

the lines with the external applied voltage, as shown in Figure 1.28 (f).462 By applying P3HT-

wrapped SWCNTs via spin coating, the spaces between the grid lines were covered with the 

SWCNT networks so that the holes were able to transport through the CNT films with the 

recombination process taking place uniformly, and thus homogeneous luminance was 

achieved, as shown in the inset in Figure 1.28 (f).462 
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Figure 1.28 (a) Energy diagram of a typical OLED device consisting of an anode, hole-
transporting layer (HTL), emitting layer (EML), electron-transporting layer (ETL), and 
cathode. (b) Current density and luminance versus applied voltage of devices with ITO 
or pure carbon TCFs. Reprinted with permission from ref 464. Copyright 2014 John 
Wiley & Sons, Inc. (c) Tests of flexibility of OLED device with pure carbon-based anode. 
Adapted with permission from ref 464. Copyright 2014 John Wiley & Sons, Inc. (d) AFM 
image of pure SWCNT films indicating that there are some pores and protrusive 
nanotubes (inset shows the SWCNT network with PEDOT prepared by in situ 
polymerisation). Adapted with permission from ref 463. Copyright 2014 Elsevier. (e) 
Contrast ratio versus ambient luminance. Reprinted with permission from ref 460. 
Copyright 2012 Elsevier. (f) Optical images of the OLED with Au grid as the anode (state: 
on) and the inset shows the device with P3HT-wrapped SWCNTs combined with gold 
grids as the anode (state: on). Adapted with permission from ref 462. Copyright 2014 
IOP Publishing. 

Thus, CNT-based TCFs have already been successfully applied in a wide range of fields on a 

lab scale. They have been used in the preparation of many different types of solar cells, touch 

panels, LCDs, and OLEDs. However, there are still a few issues to be addressed for each of 
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these applications. First of all, CNT films are usually doped, but the dopants are tend to react 

with atmosphere or many other materials which they are in contact with, and as a result, Rsheet 

increases with the reducing performance.471 Secondly, the optoelectronic properties of CNT 

TCFs are continually being improved, but more advances are required for the application in 

solar cells in order to match and exceed that of traditional TCOs (the FOM are more than 200 

for TCOs but normally less than 50 for CNT TCFs, even after chemical doping). The 

optoelectronic properties of most CNT-based TCFs are still below the minimum commercial 

requirements. Thirdly, CNTs are widely used with some other components to form a composite 

electrode in many cases, especially acting as the anode of the OLEDs. CNTs themselves have 

fantastic stability even under some extreme conditions, but the rest of the components in the 

composite, such as some conducting polymers (PEDOT:PSS), suffer from low thermal and 

chemical stability atmosphere. Thus, further encapsulation processes are required for long-

term purposes. 

 

1.5 Summary and motivation 

During the last 20 years, the TCF industry has been developed because of the widespread use 

of final products in daily life, including touch panel-based smartphones and LCD screen-based 

televisions. TCOs are the most popular current materials in TCFs fabrication, and it is a mature 

technology but with some issues, such as brittleness and expensive processing. People have 

expended considerable effort on conductive polymers, but they are still not an appropriate 

alternative to replace TCOs in commercial TCFs fabrication because of the poor environmental 

stability. CNTs, with excellent electrical conductivity, mechanical flexibility, and optically neutral 

colour, have been extensively investigated in TCFs and show great possibility for industrial 

applications. An important parameter, figure of merit value, FOM (σDC/σOP), has been 

developed to describe the optoelectronic properties of the CNT TCFs and widely used to 

compare the TCFs prepared by different groups. A great number of both dry and wet 

processing approaches have been designed to fabricate and pattern CNT TCFs. Furthermore, 

different types of dopants have been used to modify the work function of the CNTs and 

hybridisation of CNT TCFs with other materials has been developed to improve the properties 

of the CNT TCFs and fulfil the requirements for the applications. The optoelectronic properties 
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of some CNT TCFs, such as the composite TCFs based on CNTs with AgNWs, have already 

met the requirements for the OLED anode. However, there are still some challenges before the 

actual industrial manufacturing of CNTs TCFs. First of all, the current synthesis approaches 

are energy-consuming and produce CNTs with various forms, length, and diameters with a 

rapid growth rate, and the CNT product is technically a mixture even after purification steps. 

Additionally, sorted CNTs with specific electronic properties are required for some certain 

applications. Secondly, patterning of CNT TCFs can be realised with a large number of 

approaches, but because of different drawbacks few of these have been commercialised. The 

most important engineering issue is to fabricate CNT TCFs with low cost and over a large area. 

Thirdly, extensive dopants have been proven to effectively enhance the properties of CNT 

TCFs, but the effects of doping do not last long enough for industrial application, and for 

instance, the moisture and other substances in the atmosphere can damage solar cells based 

on CNT TCFs. Tuning the work function of CNT TCFs has the same issue of instability. 

Furthermore, the roughness of CNT TCFs surface is another interface issue to be addressed. 

Thus, reducing the cost of fabrication processes, improvement of the device stability devices 

involving CNT TCFs, and industrial-scale manufacturing solutions are the three main targets in 

the future. Despite these challenges, CNT TCFs still have a bright future, because of both the 

unique properties of CNTs and the promising research results from the continuous efforts in 

this area. 

This Thesis mainly focuses on the application and improvement measures on the solar devices 

based on CNTs TCFs. Chapter 2 lists the experimental details of the following chapters. The 

next few chapters are about CNT/silicon solar cells. In detail, Chapter 3 is about the application 

of composite material based on SWCNTs and PANI in CNT/silicon devices. Chapter 4 looks 

into the influence of grids on the performance of CNT/silicon cells. Chapter 5 describes the 

impact of the additional interlayer between CNT and silicon on the performance. Chapter 6 

explores the approaches in improving the optoelectronic properties of the CNT based solar 

cells while Chapter 7 shows importance of the surface structure of Si in the photovoltaics. In 

addition, Chapter 8 is about the purification of SWCNTs into individual species. Finally, 

Chapter 9 is the concluding chapter where possible future directions will also be discussed. 
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2.1 Overview 

This Chapter focuses on the methods used through the entire Thesis, including the preparation 

of stock solutions and suspensions, the fabrication of the CNT-based electrode, the 

preparation of the solar cells and different types of characterisation techniques. 

 

2.2 Preparation of stock solution or suspension 

2.2.1 Organic and aqueous stock solutions 

2.2.1.1 PANI 

Emeraldine base (Mw: 60 000, Sigma-Aldrich, Australia) was dissolved in ethanoic acid (80% 

v/v, prepared by diluting glacial acetic acid, ChemSupply, Australia) to prepare PANI stock 

solution with a starting concentration of 1 mg mL−1. This was then followed by 15 min vigorous 

stirring and the resulting solution was dark green. In order to remove any large insoluble 

particles, the solution was filtered through a nylon membrane (0.2 μm, Pall Life Sciences). 

2.2.1.2 spiro-OMeTAD  

The stock solution of spiro-OMeTAD was prepared by dissolving 144.6 mg spiro-OMeTAD 

(Merck), 57.6 µL 4-tert-butylpyridine (tBP) (Sigma-Aldrich) and 35 µL of a stock solution of 520 

mg mL-1 lithium bis(trifluoromethylsulphonyl)imide (Li-TFSI) (Sigma-Aldrich) in acetonitrile, in 1 

mL chlorobenzene.1 

2.2.1.3 GO 

40 mL H3PO4 (86.5 %, BDH Chemicals) and concentrated 360 mL H2SO4 (98.0 %, RCI 

Labscan) (9:1) was mixed with graphite flakes (Sigma-Aldrich) and KMnO4 (99.0 %, Chem-

Supply) (3 g/ 18 g). The reaction solution was heated for 12 h at 50 °C with stirring, after which 

it was cooled down to room temperature and the liquid was centrifuged at 1800 g for 4 h. The 

top 70 % of the solid contents at the bottom of the centrifuge tube were collected and washed 

with deionised water (200 mL), 30 % HCl (200 mL) and ethanol (200 mL two times). After each 

rinse step, the mixture was centrifuged at 1800 g for 4 h and the supernatant was discarded 



108 
 

while the top 70 % of the solid content was collected for the following wash. After the final 

wash, the solid was dried in a freeze dryer overnight, and collected as the as prepared GO 

solids. The solids were then dispersed with deionised water by bath sonication for 20 min with 

the final concentration to be 1 mg mL-1.2 

2.2.1.4 AgNWs 

Polyvinylpyrrolidone (6 g, PVP, MW = 55000 g mol-1, Sigma-Aldrich) was dissolved in 190 mL 

of glycerol (99.5 %, Chem-Supply) at 80 °C. The solution was cooled down to room 

temperature and poured into a round-bottom flask placed in a silicone oil bath. Silver nitrate 

(1.58 g, AgNO3, 99.0 %, Sigma-Aldrich) was then added with vigorous stirring. 0.5 mL water 

was used to dissolve 58.5 mg of sodium chloride (NaCl, 99.7 %, Chem-Supply) and the 

solution was mixed with 10 mL glycerol. The NaCl solution was added into the reactor and the 

temperature was raised to 205 °C within 25 min. The reaction was carried out in air at 205 ± 1 

°C for 60 min. The reactor was cooled down to room temperature before the liquid medium 

was mixed with deionised water in a volume ratio of 1 : 1. The mixed solution was centrifuged 

at 4000 g for 5 min at room temperature. The supernatant was discarded but the precipitate 

was collected and redispersed with deionised water and centrifuged in the identical manner 

three times to remove the PVP and nanoparticles. After a final rinse step, the AgNWs were 

dispersed in deionised water with a final concentration of 0.2 mg mL-1.3 

2.2.1.5 CuCl2 

The redox colloidal solution (CuCl2 (99.0 %, Sigma-Aldrich)/Cu(OH)2, (denoted CuCl2 in 

Chapter 6 since Cu2+ in CuCl2 is considered to be the active part for rapid p-type doping of 

SWCNTs through extraction of electrons leading to reduction to Cu1+ while Cu2+ hydroxide 

provides long-term stability of doping)4 was prepared by the addition of a 1 M NaOH (98.0 %, 

Chem-Supply) aqueous solution into a 0.1 M CuCl2 ethanol solution. The volume ratio of these 

two solutions was kept at 1 : 2000.4 

2.2.1.6 Si etching solution  
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3.8 g NaOH (98.0 %, Chem-Supply) was first dissolved in 160 mL deionised water, and then 

the solution was mixed with 40 mL isopropanol (99.5 %, Chem-Supply). The final solution was 

bath sonicated for 3 min to create a homogeneous liquid medium. 

2.2.1.7 Aqueous solutions in ATPE (aqueous two phase extraction) 

2.2.1.7.1 ATPE solutions 

The stock solutions of 25 wt% polyethylene glycol (PEG, Mw = 6000 Da, Alfa Aesar) and 25 

wt% dextran 70 (DX, Mw = 70 000 Da, TCI) were prepared by dissolving the powder in 

deionised water with the help of vigorous vortex mixing for 5 min at room temperature. The 

aqueous stock solution of 50 wt% polyacrylamide (PAM, Mw = 10 000 Da, Sigma-Aldrich) was 

used as received. The composition and the recipe of the initial ATPE system solutions are 

listed in Table 2.1. For example, the initial ATPE solution of PEG/PAM was prepared by mixing 

20.826 mL 25 wt% PEG, 23.922 g 50 wt% PAM and 6 mL deionised water in a 50 mL 

centrifuge tube. Because of the phase equilibration at room temperature (20 °C), the system 

tended to separate into a PEG enriched top phase and a PAM enriched bottom phase after 

several minutes. Thus, it was required to vortex mix the initial ATPE solution each time before 

use.5 

In order to prepare the blank top and bottom phase, 7 volume parts of the premixed initial 

ATPE solution was mixed with 3 volume parts of deionised water by vortex mixing for 3 min at 

room temperature. The final compositions of the polymers are shown in Table 2.1. The 

resulting mixture was centrifuged at 5000 g for 10 min at room temperature, after which the top 

and bottom phase were collected by pipette and stored. Temperature control during 

centrifugation is critical due to the temperature dependent nature of ATPE systems.5  

Table 2.1 ATPE system applied for ssDNA-SWCNT separation 

ATPE system (Top/Bottom phase) PEG/PAM PEG/DX 

Initial ATPE solution composition PEG 11.09 wt% 
PAM 21.43 wt% 

PEG 7.86 wt% 
DX 10.71 wt% 

Preparation of the initial ATPE 
solution 

25 wt% PEG 20.826 mL 
50 wt% PAM 20.122 mL* 

Deionized water 6 mL 

25 wt% PEG 14.669 mL 
25 wt% DX 19.988 mL 
Deionized water 12 mL 

Final ATPE solution composition PEG 7.76 wt% PEG 5.50 wt% 
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PAM 15.0 wt% DX 7.50 wt% 
* Practically, the accurate measurement of PAM stock solution volume was difficult due to its 

high viscosity. Instead, 23.922 g 50 wt% PAM stock solution was used by converting volume 

into mass with the solution density on the label (1.189 g mL-1). 

2.2.1.7.2 Solutions of modulating agents  

The as-prepared 25 wt% DX was a commonly used modulator in PEG/PAM system while 

polyvinylpyrrolidone (PVP, Mw = 10 000 Da, Sigma-Aldrich), NaCl and NaSCN were used in 

both PEG/PAM and PEG/DX systems. 40 wt% PVP, 5 M NaCl, 1 M HCl and 10 M NaSCN 

were prepared first and diluted to different levels to meet the requirement of different 

concentration levels in each individual case of separation since the sensitivity of ssDNA-

SWCNT to modulator is often highly sequence dependent, as shown in Table 2.2.6  

Table 2.2 Modulators in ATPE 

Modulator Level of concentrations 
PVP 40 wt% 10 wt% 1 wt% 0.1 wt% 
NaCl 5 M 1 M 0.1 M  
HCl 1 M 0.1 M   

NaSCN 10 M 1 M 0.1 M  
 

2.2.2 Carbon nanotube suspensions 

2.2.2.1 SWCNT suspension with different surfactants 

2.2.2.1.1 Triton X-100 

CNT stock dispersion (starting concentration: 0.1 mg mL−1) was prepared by the addition of 

arc-discharge CNT soot (P3-SWNT, Carbon Solutions Inc., USA) to an aqueous solution of 

Triton X-100 (1% v/v, Sigma-Aldrich, Australia) by the help of bath sonication in an ice bath (S 

30H, Elmasonic) for 1 h. The resulting CNT dispersion was centrifuged at 17500 g for 1 h 

(Allegra X-22 Centrifuge, Beckman Coulter). The supernatants from all centrifuge tubes were 

collected and combined, followed by a further centrifugation in the identical manner as 

previously, with the bottom residue being discarded.7 

2.2.2.1.2 Sodium dodecyl sulphate 
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HiPco SWCNT dispersion was prepared with the addition of 25 mg as-received soot (Unidym, 

Houston, TX, USA) into 25 mL 0.5 wt% SDS (Sigma-Aldrich, ≥ 98.5 %) aqueous solution to 

make the starting concentration 1 mg mL-1, followed by probe ultrasonication (Sonics VCX 750 

W) for 45 min. Sonication was conducted at 20 000 Hz with a Ti microtip (6.5 mm) and the 

amplitude was set at 22 % of the maximum value (giving a final input of power of about 0.4 W 

mL-1). During sonication, in order to have good control of the reaction temperature, the 

container was placed in an ice bath. After sonication, ultracentrifugation was performed to 

remove bundles and other impurities, such as metal catalysts, at 41200 rpm (about 120 000 g) 

in a 60Ti rotor at 15 °C for 90 min. The upper 80 % supernatant was collected as the starting 

parent dispersion via a glass pipette for several times.8-9 

2.2.2.1.3 Sodium cholate 

25 mg HiPco as-received soot (Unidym, Houston, TX, USA) was added in 25 mL of 0.5 wt% 

SC aqueous solution to target the starting concentration of 1 mg mL-1. Probe sonicator (Sonics 

VCX 750 W) was then used to disperse SWCNTs with a Ti microtip (6.5 mm) and the 

amplitude was set at 22 % of the maximum value (3 h, in ice bath).  In order to remove the 

large undispersed agglomerates and other impurities, including metal catalyst, the dispersed 

solution was centrifuged at 41200 rpm (about 120 000 g) in a 60Ti rotor at 15 °C for 90 min. 

The top 80 % supernatant was collected and used as the starting material in single-chirality 

separation by gel chromatography process.10 

2.2.2.2 Graphene oxide 

CNT aqueous dispersion can also be prepared with the help of GO. GO solid was obtained by 

exposing 3 mL of 5 mg mL-1 GO in ethanol (Graphene Supermarket, USA) to air in a 20 mL 

scintillation vial inside a fume hood at 20 °C. The GO solids were then redispersed in 

deionised water with sonication for 30 min in an ice bath to give a final concentration of 1mg 

mL-1. CNT (P3-SWNT, Carbon Solutions Inc., USA) were first dispersed in deionised water by 

bath sonication with the final concentration to be 0.1 mg mL-1. 2 mL GO stock suspension was 

added to 45 mL CNT stock suspension so as to target the ideal mass ratio of GO : CNT (1 : 

2.25), and GOCNT hybrid films with this ratio have the lowest sheet resistance.11 The mixture 

dispersion was sonicated for 90 min in an ice bath and centrifuged at 17 500 g for 1 h at 10 °C 
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to remove any large aggregates. The supernatant was collected and centrifuged in the same 

manner. The second supernatant was collected and used as the source dispersion for the 

fabrication of GOCNT TCFs. 

2.2.2.3 DNA dispersed SWCNTs 

The stock SWCNT (CoMoCAT SG 65 or CoMoCAT SG 65i or EG 150X, Sigma-Aldrich)/water 

mixture was prepared by adding the as-received CNT soot to deionised water with a final 

concentration of 4 mg mL-1.  20 min bath sonication was applied to reduce the number of large 

aggregates and improve the homogeneity of the mixture. 200 µL of DNA stock solution (10 mg 

mL-1), 250 µL SWCNT/water mixture (4 mg mL-1), 100 µL of 1 M NaCl (or 25 µL of SSC buffer 

solution 20X), and 450 µL (or 525 µL) of deionised water were mixed (total volume is 1 mL) 

and tip-sonicated in an ice bath at 1 W mL-1 for 1 hour. After sonication, the 1 mL mixture was 

divided into 100 µL aliquots and centrifuged at 17 000 g for 90 min at 20 °C. The 90 µL 

supernatant in each centrifuge tube was collected and used as the parent material in ATPE 

separation.  

 

2.3 Separation of SWCNTs 

2.3.1 Gel chromatography  

2.3.1.1 Metal/semiconductor separation by gel chromatography 

The separation was performed with 0.5 wt% SDS dispersed HiPco SWCNTs (refer to section 

2.2.2.1.2) in a glass column with a fritted disc. The column was filled with approximately 30 mL 

of as-received solution of dextran-based gel beads in ethanol (Sephacryl S-200 HR) and the 

height of the gel beads is about 20 cm. A gentle nitrogen stream on top of the column was 

used to flush the liquid medium at a flow rate of 1 mL min-1. The gel bed was first eluted with 

30 mL water and 30 mL of 0.5 wt% SDS aqueous solution prior to the addition of 10 mL CNT 

dispersion. Then, 15 mL 0.5 wt% SDS was added to the column to flush and collect the 

unbound CNTs until the filtrate was colourless. In order to remove the metallic species 

completely, a large amount (about 80 mL) of 1 wt% SDS aqueous solution was added to the 

column until the eluted fraction was colourless. In order to collect a fraction enriched with 
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semiconducting species, 30 mL of 0.5 wt% sodium deoxycholate (DOC) aqueous solution was 

added to the column to elute the next fraction of SWCNTs.  

2.3.1.2 Single-chirality species separation by gel chromatography 

To begin with, the starting SWCNT dispersion (prepared according to the description in section 

2.2.2.1.3) was diluted to give a final SC and SDS concentration of 0.5 and 2 wt% respectively. 

The loading of the CNT suspension was performed with 3 individual columns. A glass column 

with a fritted disc was used for the equilibration with different concentrations of SDS (2, 1 and 

0.5 wt% for the 1st, 2nd and 3rd column respectively) but the same concentration of SC (0.5 

wt%). 30 mL of as-received dispersion of dextran-based gel beads was packed in the column. 

In the first column, after the equilibration of the gel bed with the aqueous solution of 0.5 wt% 

SC and 2 wt% SDS, about 10 mL of SWCNT dispersion (in 0.5 wt% SC and 2 wt% SDS) was 

loaded. The elutriate containing the unbound SWCNTs from the first column was diluted to 

target SC and SDS concentrations of 0.5 and 1 wt%. In the same manner, the diluted elutriate 

was loaded to the second column after the equilibration of the gel bed with 0.5 wt% SC and 1 

wt% SDS solution. The unbound SWCNT elutriate from the second column was collected and 

diluted to obtain the SC and SDS concentrations of 0.5 and 0.5 wt%, which was then loaded to 

the third column equilibrated with 0.5 wt% SC and 0.5 wt% SDS solution.10 

The SWCNTs absorbed in the gel bed were eluted and collected with the addition of aqueous 

solution with increasing DOC concentration but the same SC and SDS concentration in each 

column, as shown in Table 2.3. Specifically, for the first column, the concentration of DOC was 

increased from 0 to 0.4 wt% in 0.04 wt% steps with fixed SC and SDS concentration of 0.5 and 

2 wt%. For the second column, the DOC concentration increased from 0 to 0.2 wt% in 0.02 

wt% steps with constant concentrations of 0.5 wt% SC and 1 wt% SDS and for the third 

column with the constant concentrations of 0.5 wt% SC and 1 wt% SDS, the DOC 

concentration ranged from 0 to 0.1 wt% with steps of 0.01 wt%. For each elution, after the 

collection of the eluted SWCNTs with relatively high concentrations, large amounts of these 

aqueous background solutions containing surfactants alone were used to rinse the gel bed 

until the elution is colourless, and then the procedure moved to next step.10   
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Table 2.3 The concentration of the aqueous solutions used to elute SWCNTs absorbed 
on the gel in each individual column. The concentration of SC for all of three columns 
was constant at 0.5 wt% while the SDS concentration decreased from 2 to 1 to 0.5 wt% 
from the first column to the third one. In each column, a series of aqueous solution with 
different DOC concentrations with certain steps was used to elute the SWCNTs.  

Column 
SC 

concentration 
(wt%) 

SDS 
concentration 

(wt%) 

DOC 
concentration 
range (wt%) 

Steps of DOC 
(wt%) 

No. 1 0.5 2 0 - 0.4 0.04 
No. 2 0.5 1 0 - 0.2 0.02 
No. 3 0.5 0.5 0 - 0.1 0.01 

 

2.3.1.3 Single-chirality species separation by ATPE 

For the first step, 7 parts of the initial ATPE solution (refer to section 2.2.1.7) were added with 

3 parts of parent suspension (refer to section 2.2.2.3), followed by vortexing for 1 min and 

centrifuging at 17 000 g for 1 min at room temperature. The total volume of the solution was 

either 0.5 or 1 mL. After centrifugation, two immiscible phases were formed with the top phase 

(labelled 1T) and the bottom phase (labelled 1B). 

In the second step, 1T (or 1B) containing the target species was collected and the volume of 

the phase was estimated by the graduation on the centrifuge tubes (not accurately). It was 

then mixed with an equal volume of opposite blank bottom (or top) phase without SWCNTs 

from the same ATPE system. In most cases, an appropriate amount of modulating agents 

(refer to 2.2.1.7.2) was added into the system from the second step. The vortex mixing and the 

centrifugation were repeated in an identical manner as before at each step during multi-step 

separation. The labelling system of these fractions is shown in Figure 2.1. Importantly, since 

the estimated volumes of the factions were not completely accurate, the amount of modulating 

agents added in the system varies slightly for each repetition of the same separation with the 

same ssDNA sequence since the effectiveness of the modulators are determined by their final 

concentration in the separation. Smaller amounts of modulator was used at the very beginning 

of each step in the multi-step separation and more modulating agents were added (by adding 
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more volume solution of the same concentration or adding some more concentrated modulator 

solutions) if it is required.  

In order to precipitate the separated SWCNTs from a specific fraction, a final concentration of 

2 M NaSCN was added and the mixture was then incubated overnight in the fridge, which was 

followed by centrifuging at 17 000 g for 10 - 15 min at room temperature to collect the SWCNT 

pellet at the bottom of the tube. The supernatant was removed and the SWCNTs were 

redispersed with the addition of deionised water. Furthermore, the long term stability of the 

SWCNTs dispersion could be improved with addition of a small amount of DNA stock solution 

to the final concentration of 100 µg mL-1 for storage. 

 

Figure 2.1 Labelling of fractions in ATPE. 

 

2.4 Preparation of CNT-based films as the electrodes 

2.4.1 PANI-CNT composite films 

In order to study the influence of the ratio of PANI to CNT in the composite film, different 

volumes of PANI stock solution (refer to 2.2.1.1) were added with a constant volume of CNT 

dispersion (refer to 2.2.2.1.1). In each individual case, mild sonication (10 min) was performed 

for both CNT dispersion and PANI solution to ensure homogeneity. 200 µL CNT suspension 

was diluted by an aqueous Triton X-100 solution (0.01% v/v, 250 mL) with the addition of 
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different volumes of PANI solution (0, 5.1, 8.8, 17.5, 25, and 35 µL). In order to study the 

thickness effect on the shape of the incident photon-to-current efficiency (or external quantum 

efficiency) (IPCE/EQE) curves, 400 µL CNT suspension and 50 µL PANI stock solution were 

mixed and diluted in the same aqueous medium, which was in the same material ratio as that 

of 25 µL/200 µL samples (PANI-CNT). The PANI-CNT hybrids were then collected on a filter 

membrane by vacuum filtration. In detail, with a “stencil” filter membrane (nitrocellulose, 25 nm, 

VSWP, Millipore, Australia) having 4 × 0.49 cm2 circular holes, PANI and CNTs were collected 

onto a  membrane filter (mixed cellulose ester, MCE membrane, 0.45 µm, HAWP, Millipore, 

Australia). It is worth noting that PANI particles can still be collected on the filter because of the 

their interaction with CNTs even though the pore size of the filter is larger than that of the nylon 

filters used to filter the PANI solution. The flow rate of the suspension passing the different 

pore sizes in the “stencil” and membrane filters resulted in a faster flow rate in the patterned 

circular area, and hence, four identical PANI-CNT membranes were collected on one MCE 

filter by one filtration, as shown in Figure 2.2. After the filtering the PANI-CNT diluted 

suspensions, a large amount of deionised water was used to rinse the composite film to 

remove the residue of Triton X-100. A smaller circular area (0.32 cm2) was cut out from the 

MCE filter by a hole punch and used for the fabrication of the solar cells. To investigate the 

influence of the PANI/CNT composite, 130 μL CNT dispersion and 5.7 μL PANI stock solution 

were used to fabricate a composite film to target a similar transmittance to that of a pure CNT 

film made by 200 μL CNT stock dispersion solely. To optimise the thickness of the composite 

films, the volume ratio (PANI stock solution to CNT suspensions) was kept at a constant level 

by changing volumes of both materials at the same time (2.7 μL/60 μL, 5.7 μL/130 μL, 6.6 

μL/150 μL, 8.8 μL/200 μL and 13.2 μL/300 μL, of PANI to CNT).7 
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Figure 2.2 Preparation of four identical films with the help of stencil and membrane 
filters via vacuum filtration. 

2.4.2 Pure SWCNT films 

In Chapter 4, in order to optimise the grid structure of the front metal electrode, pure SWCNT 

films were prepared and used to investigate the influence of the different pattern in SWCNT/Si 

solar cells. Different volumes of SWCNT stock suspension (refer to 2.2.2.1.1) were used to 

prepare the SWCNT transparent conducting thin films with different optoelectronic properties. 

The SWCNT stock dispersion was sonicated for 10 min firstly to ensure homogeneity. Then, a 

particular amount of stock suspension (from 100 to 1300 μL) was diluted with an aqueous 

Triton X-100 solution (0.01% v/v) to 250 mL. The vacuum filtration process is the same as the 

description in section 2.4.1.12 

2.4.3 GOCNT films 

Similar to PANI-CNT composite films, the fabrication of GOCNT electrodes started with 

vacuum filtration.13 The optoelectronic properties of GOCNT electrodes with different 

transmittance were studied by vacuum filtration of 250 mL diluted aqueous solution with 

different volumes of GOCNT stock suspension (200, 300, 400, 500, 600, 700, 800 mL). 

GOCNT networks were collected on filter membranes made of mixed cellulose ester (MCE, 

0.45 µm, HAWP, Millipore, Australia) which were on top of a nitrocellulose membrane (25 nm, 

VSWP, Millipore, Australia) with four holes (0.49 cm2 each). A gentle nitrogen flow was used to 

dry the GOCNT films completely. The individual GOCNT TCF on MCE was then cut with a pair 
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of scissors and placed into an acetone bath for 3 × 30 min to dissolve the MCE. The now free-

floating GOCNT films were then transferred from the acetone bath to a water bath by a 

homemade Teflon spoon. The GOCNT electrodes were able to float at the interface between 

air and water, as shown in Figure 2.3. These films were then picked up with a prefabricated Si 

substrate to prepare solar devices or a microscope glass slide to evaluate the T as well as 

sheet resistance of the TCFs. 

 

Figure 2.3 Floating transfer of GOCNT films. 

 

2.5 Solar cell fabrication 

2.5.1 PANI-CNT/Si 

2.5.1.1 As-prepared devices 

N-type silicon wafers (phosphorous-doped, 5-10 Ω cm, 525 μm thick with a 100 nm thermal 

oxide, ABC GmbH, Germany) were used as the starting material for the substrate of the 

devices. Positive photoresist (AZ1518, microresist technology GmbH, Munich, Germany) was 

applied onto the wafer by spin coating at 3000 rpm for 30 s, followed by the soft baking (1 min, 

100 °C) on a hot plate (AREC heating magnetic stirrer, Rowe Scientific). After cooling the 

substrate to room temperature, a photo mask was placed on top of the surface of photoresist 

and ultraviolet light was used to define an active area (0.079 cm2). The wafer with the defined 

features was then immersed in a developer bath (AZ 326 MIF, AZ Electronic Materials GmbH, 

Munich, Germany) for 1 min to develop the photoresist, washed gently with water, and dried 

under a nitrogen flow. The metal front electrode (Cr/Au (5/145 nm)) was deposited by a dual 

target sputter coater (Quorumtech, Q300T-D) with a quartz crystal microbalance monitoring 

the thickness. Then, the substrate was immersed in acetone bath (60 min) to dissolve the rest 

of the photoresist. One drop of buffered oxide etch (6:1 of 40 % NH4F and 49 % hydrofluoric 
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acid (HF), Sigma Aldrich, Australia) was placed on the active area for about 90 s to dissolve 

the thermal oxide layer (100 nm). The pure CNT/MCE or PANI-CNT/MCE were then placed 

onto the substrate with a defined active area (CNT or PANI-CNT side down). A water drop was 

put on the top to wet the membrane and increase the adhesion of the electrode to the Si 

surface and the excess water absorbed by a tissue. Finally, a piece of Teflon was put on the 

membrane. The whole device was clamped and baked for 15 min at 80 °C. After cooling the 

device to room temperature, devices were immersed in 3 ×30 min acetone bath to dissolve the 

MCE. After scratching of the back oxide layer of the Si, the device was mounted onto a 

stainless steel plate with gallium indium eutectic (eGaIn) providing the adhesion as well as the 

carrier transport paths. Such devices were referred to as the “as-prepared” solar cells. For 

each type of composite film, at least three identical devices were fabricated.7  

2.5.1.2 Post treatments 

There are three post treatments for these composite films.  First of all, a droplet of HF (2% in 

water) was applied in the active area (5 - 10 s), followed by rinsing of the electrode surface 

with water, ethanol and drying with a nitrogen stream in order to remove the silicon oxide layer 

created during the film transfer of the device fabrication. Importantly, instead of HF, 

hydrochloric acid (2 % in water) was used in the identical manner on the glass slides (for the 

characterisation of the optoelectronic properties of the electrodes) to avoid the reaction 

between the glass and HF. Secondly, a droplet of SOCl2 was placed onto the PANI-CNT or 

pure CNT surfaces to chemically dope the electrode by shifting the Fermi level of the CNT 

below the top of the valence band as well as reduce the junction resistances between 

individual CNTs.14 Thirdly, a second 2 % HF treatment was performed in the same manner as 

the previous one to remove the silicon oxide layer formed by the SOCl2 doping process.7 

2.5.2 Definition of grid pattern on Si substrate 

Photolithography was used to define the Au grid pattern on the Si wafer in a clean room (Class 

1000). Positive photoresist (AZ1518, micro resist technology GmbH, Munich, Germany) was 

spin-coated on the wafer at 3000 rpm for 30 s, followed by soft baking at 100 °C for 50 s on a 

hot plate (AREC heating magnetic stirrer, Rowe Scientific). After cooling the coated wafer to 

room temperature, the grid patterns were then defined with a photo mask and a mask aligner 
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(EVG 610, EVG). Then, the wafer was immersed in a developer bath (AZ 726 MIF, AZ 

electronic Materials, GmbH, Munich, Germany) for 15-20 s to develop the photoresist on the 

wafer, rinsed with deionised water and dried under a nitrogen flow. After removal of the 

photoresist in the area which was not exposed to the UV light, the Si wafer with the defined 

pattern was subjected to a post baking process at 115 °C for 50 s on a hot plate and then 

allowed to cool down to the room temperature. The deposition process was the same as the 

description in section 2.5.1.1.12 

The grid patterns were applied on both circular and square areas. The radius of the circle was 

0.159 cm and thus its area was 0.079 cm2. The length of the side of the square was 0.3 cm 

and its area was 0.09 cm2. Circular and square areas with no metal grid patterns had also 

been defined and the resulting devices were considered control devices. A smaller square with 

sides of 0.2 cm and an area of 0.04 cm2 was defined to investigate the impact of the active 

area on the solar cell performances. Some “finger” patterns only containing Au lines in one 

direction were fabricated to further study the influence of the different pattern strategies on the 

device performance.12 

2.5.3 spiro-OMeTAD related devices 

The preparation of the silicon substrate and the definition of the grid pattern were referred to 

sections 2.5.1.1 and 2.5.2. In order to prepare GOCNT/Si devices, the free-standing GOCNT 

on the surface of deionised water was picked up by the Si substrate after removal of the SiO2 

by HF. In terms of the GOCNT-spiro-OMeTAD/Si (and the spiro-OMeTAD/Si control) devices, 

different volumes of spiro-OMeTAD stock solution (2.5, 10, 20, 30, 40, and 80 µL; 30 µL for the 

spiro-OMeTAD/Si control device) were spin-coated onto the Si surface for 20 s at 4000 rpm in 

a nitrogen-filled glovebox after the removal of the SiO2. Then, these organic material coated Si 

substrates were heated for 40 min at 80 °C inside the glovebox and then cooled down to the 

room temperature and used to pick up the GOCNT films from deionised water. For the 

fabrication of GOCNT/Si and GOCNT/spiro-OMeTAD/Si solar cells, the underside of the silicon 

was scratched with a diamond pen to remove the oxide layer and create the conduction path 

from Si to the back electrode after the GOCNT films being dried by a very gentle nitrogen 

stream. As described in 2.5.1.1, gallium indium eutectic (eGaIn) was used to mount the device 

onto a stainless steel plate. For the spiro-OMeTAD/Si control device, the substrates were 



121 
 

mounted on the stainless steel plate right after the deposition of spiro-OMeTAD and the 

removal of the underside of the silicon oxide layer. During the exploration of the role of the 

organic interlayer in GOCNT/Si devices, 30 µL of stock solution was used to create the 

interlayer in spin-coating. During the transmittance optimisation of GOCNT in the 

GOCNT/spiro-OMeTAD/Si devices, 20 µL of stock solution was used to apply the interlayer in 

spin-coating. 

GOCNT TCFs were picked up in the same manner by microscope slide to measure the optical 

transmittance and the sheet resistance. 

2.5.3.2 Post treatments 

A post treatment (gold chloride doping) was applied to the GOCNT films. 20 µL of 5 mM 

HAuCl4 ⋅3H2O (Sigma-Aldrich) aqueous solution was applied on top of GOCNT by spin-coating 

at 5000 rpm for 20 s. 

 

2.6 Characterisation techniques 

2.6.1 PANI-CNT/Si 

2.6.1.1 Characterisation of the electrodes 

Pure CNT and PANI-CNT on MCE filters were attached to glass slides in a same manner to 

that described in 2.5.1.1 to evaluate the optical transmittance and the sheet resistance. The 

transmittance of the films was estimated from the UV-Vis-NIR spectra with the background 

subtraction of a clean glass slide while the sheet resistance of the films was measured by a 

four-point probe in linear configuration (Keithlink). The morphology of the surface of the 

electrodes was characterised by scanning electron microscopy (Inspect F50, FEI). AFM 

images were recorded in atmosphere by tapping mode and Nanoscope Multimode V controller 

(Bruker). In order to measure the film thickness, a scalpel was used to make a thin scratch and 

the edge of the scratch was imaged. Average thickness was evaluated with the depth analysis 

feature after flattening and plane fitting image with Nanoscope Analysis v1.4.7 

2.6.1.2 Solar cell performance 
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The performance of the solar cells (current density versus voltage curves, J–V) was evaluated 

by a custom Labview virtual instrument connected to a Keithley 2400 source-measure unit. 

The irradiance of the collimated Xenon-arc light (with an AM 1.5G filter) at the cell surface was 

calibrated to 100 mW cm−2 with a standard cell (PV Measurements, NIST-traceable 

certification). Both the J-V curves under light and the dark conditions were measured to 

evaluate the efficiencies and the diode properties of the solar cells. The diode properties were 

estimated by fitting the linear part of the dark curve to Equation 2.1: 

J = Jsat[e
qv
nkt − 1]          Equation 2.1 

where Jsat is reverse saturation current; q is elemental charge; V is applied voltage; n is 

ideality; k is Boltzmann constant and T is ambient temperature).15 

Pseudo internal quantum efficiency (IQE) curves were calculated based on the IPCE curves 

and the transmittance of the films by (IPCE/T%).7 

2.6.2 GOCNT/spiro-OMeTAD/Si 

The characterisation of the GOCNT or CNT electrodes were covered in section 2.6.1.1 and the 

performance of the solar cells was tested as described in section 2.6.1.2. In addition, the 

Schottky barrier height (ɸB) can be estimated by Equation 2.2,16 

ϕB = −kT ln ( JSat
A∗T2

)          Equation 2.2 

where A* is Richardson constant (112 A cm-2 K-2 for Si).17 

2.6.3 Separation of SWCNTs 

The chirality distribution of SWCNT dispersion and the purity of the purified fraction were 

determined by UV-Vis-NIR spectrometer (PerkinElmer Lambda 950). The tests were 

performed by scanning the samples from 250 to 1350 nm with the background subtraction of 

an aqueous solution of surfactants or polymers at the same concentration without SWCNTs as 

that of the samples. 
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3.1 Overview 

Composite films made of single-walled carbon nanotubes and polyaniline are fabricated by a 

method based on vacuum filtration and transfer from aqueous stock solutions, which have 

been applied on n-type silicon to create solar cells with PANI-CNT/Si architecture. The 

influence of the ratios of different constituents in the composite and the thickness of the films 

on the performance of the solar cells have been studied. It was found that the sheet resistance 

of the film reduces with the incorporation of the conducting polymer and the amount of light 

transmitted through to the silicon was determined by the overall thickness of the composite 

films. With the optimised composition and thickness of the films, devices with a power 

conversion efficiency of 7.4% are obtained which was a 60% increase over that of devices 

without the polymer. It was shown by analysing the DC electrical to optical conductivity ratios 

(refer to 1.2.2.1) of the various films and the dependence of solar cell performance on FOM 

that the improved output was not only due to better optoelectronic properties but strongly relies 

on the exact nature of the heterojunction as well, which was related to PANI content in the 

films. 

 

3.2 Introduction 

To realise the needed supply of power using an environmentally friendly approach, research 

about the replacement of current energy strategies with novel materials 1-2 and methods3-8 has 

been a hot topic around the world. Among all of the potential approaches, techniques based on 

solar energy are extremely attractive due to the relatively simple procedures, the incredible 

size of the solar resource, and its availability over most of the world. Carbon nanotube/silicon 

heterojunction solar cells (CNT/Si) are an attractive example because of their fast increases in 

efficiency,9-19 and the values from recent reports20-22 are comparable with those of the 

commercial solid-state semiconductor-based photovoltaics, which have several issues, such 

as material scarcity, cost, and toxicity.23 The architecture of a Si-CNT heterojunction is similar 

to that of a traditional silicon-based device, with the expensive p-type silicon layer replaced by 

a transparent conducting electrode (CNT film).24 When the photons in the incident light beam 

pass through the CNT film and are absorbed by the silicon layer, excitons (electron–hole pairs) 
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are created and diffuse into the depletion region near the heterojunction. These excitons are 

then separated under the influence of the built-in potential across the junction due to the Fermi 

level equilibration. The holes and the electrons, being the majority charge carriers, are then 

transported through the CNT network and silicon substrate, respectively.25 

Polymers, due to the low fabrication cost on large scale,26-28 have attracted tremendous 

interest and attention in the past century.29-31 Recently, there have been a large number of 

reports about the application of conducting polymers in solar cells,32-35 and the efficiencies of 

the devices have been improved to above 10%.36-45 In previous reports, there are two ways to 

incorporate polymers into CNT/Si devices, either acting as an antireflection top layer above the 

CNT film15,46-47 or an interlayer 48-49 between the CNT network and the Si substrate. Among 

these intermediate layer materials, polyaniline (PANI) as the emeraldine salt (the most 

conducting state among all the different forms),50 is the one of the most effective materials, and 

the improvements on the device performance are attributed to the creation of a better contact 

between the CNT network and the silicon surface.48 A similar effect can be achieved with the 

application of some other conducting polymers, such as poly(3,4-ethylenedioxythiophene): 

poly(styrene sulfonate) (PEDOT:PSS) and poly(3-hexylthiophene-2,5-diyl)(P3HT).49,51 During 

the past 10 years, studies about the composites based on the conducting polymers and CNTs 

have revealed some benefits, including enhancement in the flexibility, lower weights, and the 

excellent conductivity.52-53 Specifically, CNT networks, providing the transport paths, can 

considerably improve the charge transport in composite films.54-55 There is a broad range of 

applications of these composites, including electrodes for supercapacitors,56 electrochemical 

electrodes,57 and the counter electrodes in dye-sensitized solar cells.58 

In this Chapter, in order to further investigate the application of the composites based on the 

conducting polymers and CNTs in CNT/Si solar cells, composite films of PANI and CNTs are 

prepared via premixing CNTs and PANI in aqueous solutions followed by vacuum filtration. It is 

expected that by creating more intimate contact over greater areas, the quality of the interface 

might be improved. The effect of the component ratio in the composite and its thickness on the 

solar cell performance are also explored.  Figure 3.1 shows a schematic architecture of the 

device studied in this Chapter. 
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Figure 3.1 Schematic structure of the PANI-CNT/Si solar cells. 

 

3.3 Experimental details 

PANI stock solution and CNT stock dispersion were prepared as described in 2.2.1.1 and 

2.2.2.1.1. The preparation and characterisation of the electrode are described in sections 2.4.1 

and 2.5.1.1. In addition, the method of the device fabrication and the testing of the 

performance are described in sections 2.6.1 and 2.6.1.2. 

 

3.4 Results and discussion 

3.4.1 Ratio of components in the composite film 

3.4.1.1 Surface morphologies of the electrodes 

PANI-CNT composite films with different component ratios were prepared with a constant 

amount of CNT suspension and different loadings of PANI stock solution. As shown in Figure 

3.2 (from (a) to (f)), the surface roughness increases with PANI loadings in these composite 

films. The pure CNT film, as shown in Figure 3.2 (a), consists of a random CNT bundling 

network of poor homogeneity with some dense regions and some vacant areas. With the 

addition of PANI, the vacant areas are filled with the polymer and fewer isolated CNT bundles 

are observed, as shown in Figure 3.2 (b) and (c). As the amount of PANI increases, the 

conducting polymer begins to form a complete covering over the Si surface. In addition, as 

shown in Figure 3.2 (d), (e) and (f), some large PANI blocks are observed and the individual 

CNT bundles are less discernible from the PANI-CNT composite surface when compared to 

the surface of pure CNT film. Therefore, it is confirmed that the conducting polymer has been 
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successfully collected along with the CNTs during the vacuum filtration-transfer process and 

dramatically different surface morphologies of PANI-CNT have been created with different 

PANI content in the composite.  

 

Figure 3.2 SEM images of PANI-CNT composite films prepared with the same amount of 
CNT dispersions (200 μL) but different loadings of PANI stock solutions. (a) 0 μL, (b) 5.1 
μL, (c) 8.8 μL, (d) 17.5 μL, (e) 25 μL and (f) 35 μL. 

3.4.1.2 Optoelectronic properties of the transparent conducting electrodes 

As shown in Figure 3.3 (a), the transmittance of the film is calculated from the absorbance at 

550 nm. The sheet resistance of the pure CNT film and the PANI-CNT composite films are 

plotted as a function of the transmittance of the films in Figure 3.3 (b). Overall, the films 

become both less conductive and more transparent with decreasing amounts of PANI in the 

composite. Meantime, the conducting polymer contributes some absorbance from 400 to 500 

nm and in the range of 600–1000 nm (especially at the characteristic peak position, near 825 

nm, which is due to the Peierl’s gap in the conformation of expanded coil after chemical 

doping).59  
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The ratio of the DC electrical to optical conductivity (FOM, σDC/σOP) was used to compare the 

optoelectronic properties of these films as well as CNT TCFs from other reports (refer to 

Equation 1.7 and Equation 1.8) The calculated σDC/σOP for these films are shown in Table 3.1. 

The σDC/σOP value decreases with the increase in the amount of PANI added to the composite, 

which infers that Rsheet decreases at a slower rate than T. Since the Rsheet of the pure polymer 

film is extremely high (105 Ω sq−1), the FOM is the lowest (less than 0.01). Despite this, adding 

about 8.8 μL of PANI into the pure CNT network can still evidently decrease Rsheet without 

much loss of T. This reduction is likely due to the formation of a better electrical network with a 

greater number of percolation pathways from conducting chians of PANI compared to the pure 

CNT network.60 

 

Figure 3.3 (a)  The optical absorbance (from 400 to 1600 nm) of pure CNT and PAN-CNT 
composites. (b) Sheet resistance of pure CNT and PANI-CNT hybrid electrodes as a 
function of the optical absorbance (after all three chemical treatments). Labels are 
volume of PANI dispersion/volume of CNT dispersion. 

Table 3.1 Calculated FOM of pure CNT, pure PANI and PANI-CNT composite films 

 Pure 
CNT 

5.1/200 
(µL/µL) 

8.8/200 
(µL/µL) 

17.5/200 
(µL/µL) 

25/200 
(µL/µL) 

35/200 
(µL/µL) 

Pure 
PANI 

σDC/σOP 2.7 2.3 1.8 1.5 1.4 1.1 0.0043 
 

3.4.1.3 Performance of solar cells 

The performance of the solar cells with the pure CNTs, pure PANI, and PANI-CNT composite 

films are listed in Table 3.2 and plotted in Figure 3.4. The J–V curves under light conditions of 
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the devices with the pure CNT film and films with different ratio of PANI to CNT are shown in 

Figure 3.4 (a). A specific device with the highest observed efficiency of 6.44 % was prepared 

after forming the heterojunction with a ratio of 0.044 PANI:CNT (volume ratio; 8.8 μL PANI and 

200 μL CNT stock solution) in the hybrid film.  

Table 3.2 The detailed performance of devices with pure CNT, PANI-CNT with different 
PANI loadings, and pure PANI. The performance of the best device in each group are 
shown in brackets. 

PANI/CNT 
(μL/μL) 

JSC 
(mA cm-2) VOC (V) FF Average 

Efficiency (%) Ideality Jsat 
(mA cm-2) 

Rseries 
(Ω) 

0/200 23.7 ± 0.6 
(24.1) 

0.53 
± 0.01 
(0.53) 

0.37 
± 0.02 
(0.38) 

4.59 ± 0.34 
(4.86) 

2.1 ± 0.1 
(2.0) 

3.95 × 10-4 
± 7.45 × 10-5 

(3.86 × 10-4) 

186 ± 
19 

(179) 

5.1/200 26.2 ± 0.6 
(25.8) 

0.51 
± 0.03 
(0.53) 

0.42 
± 0.02 
(0.42) 

5.55 ± 0.33 
(5.77) 

2.3 ± 0.1 
(2.3) 

3.95 × 10-4 
± 1.09 × 10-4 
(3.37 × 10-4) 

165 ± 
24 

(152) 

8.8/200 23.1 ± 0.6 
(23.1) 

0.48 
± 0.01 
(0.49) 

0.56 
± 0.01 
(0.57) 

6.21 ± 0.22 
(6.44) 

2.1 ± 0.1 
(2.0) 

8.90 × 10-5 
± 8.06 × 10-6 

(8.87 × 10-5) 

75 ± 8 
(69) 

17.5/200 21.5 ± 0.4 
(21.2) 

0.56 
± 0.03 
(0.57) 

0.51 
± 0.03 
(0.51) 

6.01 ± 0.21 
(6.17) 

1.8 ± 0.1 
(1.7) 

6.20 × 10-5 
± 2.50 × 10-5 

(5.78 × 10-5) 

93 ± 18 
(86) 

25/200 21.3 ± 0.5 
(21.7) 

0.48 
± 0.02 
(0.49) 

0.53 
± 0.02 
(0.54) 

5.43 ± 0.47 
(5.76) 

1.7 ± 0.1 
(1.6) 

5.41 × 10-5 
± 1.34 × 10-5 

(4.76 × 10-5) 

109 ± 
17 

(98) 

35/200 19.8 ± 0.5 
(20.1) 

0.40 
± 0.01 
(0.40) 

0.37 
± 0.02 
(0.39) 

2.96 ± 0.40 
(3.21) 

1.6 ± 0.1 
(1.5) 

2.03 × 10-5 
± 9.98 × 10-6 

(2.05 × 10-5) 

182 ± 
18 

(169) 

Pure PANI 4.8 ± 0.3 
(4.5) 

0.38 
± 0.01 
(0.38) 

0.35 
± 0.01 
(0.36) 

0.62 ± 0.14 
(0.72) 

2.6 ± 0.2 
(2.5) 

4.78 × 10-3 
± 4.71 × 10-4 

(4.77 × 10-3) 

189 ± 
29 

(173) 
 

With a small amount of PANI (5.1 μL) used in the composite film, the short-circuit current 

density (Jsc) improved from 23.5 to 26.0 mA cm−2, although further increase in the polymer 

content showed a decrease in the JSC of the devices, while the PANI/Si devices without CNTs 

produced much less current (4.7 mA cm−2), as shown in Figure 3.4 (b). However, with higher 

PANI loading, the T is significantly decreased without further improvement in the optoelectronic 

properties. This was further evidenced by the overall reduction in the IPCE signal when large 
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amounts of PANI (17.5, 25, and 35 μL) were applied (Figure 3.4 (c)). As shown in Figure 3.4 

(d), when a very thick film containing a large amount of polymer in the hybrid film was used in 

the fabrication of device, open-circuit voltages (VOC) decreased considerably to ∼0.4 V. This 

could be explained by the fact that the PANI began to dominate the heterojunction properties 

since the VOC for PANI/Si devices is less than 0.4 V. In terms of the fill factor (FF), as shown in 

Figure 3.4 (e), lower loadings of polymer (5.1, 8.8, 17.5, and 25 μL) in the composite 

electrodes effectively enhanced the performance, but an excessive amount of PANI (35 μL) in 

the composite again had an adverse effect. The power conversion efficiency (PCE, Figure 3.4 

(f)) also changed with PANI loading, with the 8.8 μL/200 μL device having the best average 

performance (PCE of 6.2%). As the content of polymer increased, the PANI again dominated 

the performance and the efficiency of the devices decreased considerably to below 3 %. Since 

there were large errors in Rshunt, it seemed that there is not a clear trend with the loadings of 

polymer (not shown here). For low polymer loadings, the series resistance (Rseries) of the 

devices decreased compared with that of CNT/Si devices but with higher PANI loadings in the 

composite, Rseries increased. The lowest Rseries was for the hybrid films of T = 64 % (PANI/CNT 

volumes: 8.8 μL/200 μL), and it showed a reverse trend to that of the efficiency, as shown in 

Figure 3.4 (g). The Rseries of PANI/Si was much higher than that of other devices, which was 

possible a result of the much higher Rsheet of the PANI electrode. 

In terms of the diode properties, as shown in Figure 3.4 (h), with low loading of polymer (5.1 

μL), the ideality of the devices increased to 2.2, but it then reduced to around 1.5 with higher 

contents of PANI in the films. A similar tendency was observed with the reverse saturation 

current density (Jsat), as shown in Figure 3.4 (i). These two properties together indicated that 

the heterojunction quality improved with increasing polymer content, which could be due to the 

reduction of charge traps, and the resulting increased lifetime of the carrier at the 

heterojunction. 
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Figure 3.4 The performance of the PANI/Si, CNT/Si and PANI-CNT/Si devices. (a) J-V 
curves under light conditions, (b) JSC; (c) IPCE, (d) VOC, (e) FF, (f) Efficiency, (g) Rseries, 
(h) Ideality and (i) Jsat. 

3.4.1.4 Further analysis of IPCE 

Figure 3.4 (c) compares the IPCE of solar cells with varied proportions of PANI in the 

composite films. The reduction in IPCE from 600 to 900 nm and in the UV region in these 

devices with composite films was attributed to the strong polymer absorbance in these regions, 

especially when high loadings of PANI were applied (17.5, 25, and 35 μL). The IPCE curves of 

PANI-CNT/Si devices with PANI-CNT films with two different thicknesses (119 and 234 nm, 
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measured by AFM) but the same material ratio (PANI/CNT: 25 μL/200 μL and 50 μL/400 μL), 

are plotted in Figure 3.5 (a) (solid). For the device with thicker electrode, the decrease in IPCE 

caused by polymer absorption is no longer observed. We speculate that this change of curve 

shape and the shifting of the maximum IPCE wavelength may be caused by the optical 

interference effects within the film.61-62 The pseudo IQE of these two films was calculated to 

further investigate the internal mechanism of the devices,61 also plotted in Figure 3.5 (a). The 

pseudo IQE exhibits a more intense peak for devices with the thicker electrode and we 

hypothesise offsets the absorption of light because of the presence of polymer. However, the 

increase in IQE could also be introduced by interference effects in the thicker films (thickness 

is above 200 nm) resulting in the wavelength-dependent interference at the heterojunction.61-62 

PANI/Si devices had a very low IPCE signal as expected from the poor optoelectronic 

properties of thin PANI films, and these devices had the worst performance in all aspects. The 

pseudo IQE curves of devices of PANI-CNT/Si with films in various ratios and CNT/Si are 

shown in Figure 3.5 (b) (solid). After applying different loadings of PANI, the intensity of IQE 

seems to increase, which might further support the assumption that a better junction is formed 

with silicon by PANI-CNT than pure CNT network.  

 

Figure 3.5 (a)  IPCE (solid) and IQE (short dash) of the PANI-CNT/Si devices with PANI-
CNT composites in different thicknesses but the same ratio. (b) IQE (solid curves) and 
transmittance (short dash) of CNT/Si and PANI-CNT/Si devices. 

3.4.1.5 Relationship between efficiency and FOM 
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The relationship between FOM and PCE is plotted in Figure 3.6. There is no linear correlation 

between the efficiency of the solar cells and the FOM values. This is because the solar cell 

performance depends on the absolute photon flux reaching to the silicon as well. Though 

devices with thicker films have better optoelectronic properties, sometimes, the devices have 

lower efficiency due to the absorbance of the light by the electrode. The film with highest FOM 

values (the pure CNT film) does not achieve the highest efficiency, but in this case, it is also 

likely caused by inhomogeneity of the surface coverage. Thus, the combination of an 

appropriate amount of conducting polymer with the CNT network to create a composite film 

enhances the device performance since the improved performance in those PANI-CNT/Si 

devices occurs with a better heterojunction, even though fewer incident photons arrive at the 

silicon surface. The ratio of 0.044 (PANI/CNT) had the best performance among all PANI-

CNT/Si devices, and films with this optimised ratio were investigated further. 

 

Figure 3.6 PCE versus FOM of PANI-CNT films in different content ratios. 

3.4.2 The role of PANI 

3.4.2.1 Characterisation of the transparent conducting electrode 

In order to investigate the role of PANI in the hybrid films, pure CNT and PANI-CNT films (with 

the optimised components ratio, PANI/CNT = 0.044) were prepared with similar transmittance 

over the visible range (T = 82 %), as shown in Figure 3.7 (a). For pure CNT film, the 

absorbance generally increases with decreasing wavelength while the wide absorbance 

feature at about 800 nm caused by PANI broadens the peak of CNT at 700 nm slightly, which 

is the spectroscopic evidence that PANI was incorporated into the composite electrode. 

Meanwhile, the SEM images in Figure 3.7 (b) illustrate the presence of an amorphous material 
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on and between the CNT networks. As shown in the inset in Figure 3.7 (a), the pure CNT 

electrode has a slightly higher Rsheet of than that of its composite counterpart at the same 

transmittance. 

The FOM values are 2.7 and 3.1 for pure CNT and PANI-CNT composite, respectively, which 

were different from what was observed during the optimisation of the component ratio (FOM 

increased with decreasing PANI content), since now the PANI-CNT electrode has the same T 

at 550 nm but lower Rsheet. 

 

Figure 3.7 (a) Vis-NIR spectra of the pure CNT and the PANI-CNT with the optimised 
ratio 0.044 (5.7 μL/130 μL) electrode after all post treatments. (b) SEM images of pure 
CNT (left) and PANI-CNT (right) electrode on silicon.  

3.4.2.2 Performance of the solar cells 

Typical J-V curves of CNT/Si and PANI-CNT/Si devices under light conditions are shown in 

Figure 3.8 (a). The efficiency of the device with PANI-CNT electrode is higher than that of the 

counterpart with a pure CNT electrode (6.67 % versus 5.11%). In more detail, as shown in 

Figure 3.8 (b), the devices with the hybrid electrodes had higher JSC, VOC, FF, and PCE values 

than the control devices without polymer in the window electrode. Additionally, the lower 

ideality factor indicates that the diode properties of polymer related device are better as well.  



136 
 

 

Figure 3.8 (a) Typical J-V curves of CNT/Si and PANI-CNT/Si devices after all three post 
treatments. (b) Comparison between performance of the CNT/Si and PANI-CNT/Si 
devices in terms of JSC, VOC, FF, PCE and Ideality. 

3.4.3 Thickness of PANI-CNT films 

3.4.3.1 Optoelectronic properties of the transparent conducting electrodes 

As discussed in Chapter 1, the thickness of the transparent electrode has a significant 

influence on the performance of solar cells. Here, in order to optimise the ideal thickness at the 

optimal component ratio, a series of hybrid electrodes were prepared with the same content (in 

percentage) of individual material (PANI and CNT) but different transmittances. 

As shown in Figure 3.9 (a), as the amount of each individual component increases in the 

preparation of composite films, the overall absorbance increases, and as a result, the 

transmittance of the film decreases from 91 % to 52 % at 550 nm. The thicknesses of these 

films are measured by AFM, and they are 13, 26, 38, 48 and 63 nm. In addition, the Rsheet 

decreases (from above 2500 Ω sq−1 to below 250 Ω sq−1) with the increasing thickness from 13 

to 63 nm as more percolation paths are formed in thicker films/denser CNT networks to 

transport the charge carriers, as shown in Figure 3.9 (b). For the thinnest film (13 nm, T = 91 

%), the Rsheet is much higher than the rest, which is possibly due to a limited number of 

conducting paths in the CNT network. 

In terms of the FOM of these films, as shown in Figure 3.9 (c), the thinnest film (13 nm, 91 %) 

has the lowest value while the decrease in T by approximately 10 % can significantly improve 
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the optoelectronic properties of the devices (FOM is above 3). However, further increase in the 

thickness (from 26 to 48) results in decreased values due to the limited improvement in Rsheet 

but decrease in transmittance. The FOM of the 62 nm film is higher than that of 38 and 48 nm 

counterparts due to the dramatic decrease in the Rsheet to below 250 Ω sq−1. Overall, for the 

application of the thin film photovoltaics, the 26 nm film thickness seems to have the best 

optoelectronic properties and the effect of film thickness on the solar cell performance is 

further analysed in the following section. 

 

Figure 3.9 (a) Vis-NIR spectra, (b) sheet resistance and (c) FOM of the PANI-CNT hybrid 
films at the optimal components ratio but different thickness. 

3.4.3.2 Performance of the solar cells 

The J-V curves of typical devices with the same optimal component ratio but different 

thicknesses are shown in Figure 3.10 (a), where a device with a 38 nm hybrid electrode (T = 

69 %) shows a highest observed efficiency of 7.42 %. In general, devices with 38 nm 

composite films had the best performance of above 7 %, as shown in Figure 3.10 (b), while the 

devices with the thinnest films (13 nm, T = 91  %) yielded the worst performance, less than 4 

% efficiency. Compared to devices with the same optimal ratio in previous sections, the higher 

efficiency was caused by the enhanced light absorption by the silicon layer and more excitons 

were produced. The details of the performance of these devices are shown in Table 3.3 and 

plotted in Figure 3.10. 

The JSC increased gradually as the films became thinner and thinner (from 62 nm to 26 nm) 

due to the increasing amount of light passing through and reaching the Si surface, and it then 

decreased for the extremely thin films (13 nm) because of its high sheet resistance, as shown 
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in Figure 3.10 (c). The VOC peaked at devices with 38 nm PANI-CNT electrode, with a slight 

decrease for devices coated with thinner films (13 and 26 nm) but a significant decrease 

(below 0.5 V, which is similar to that of the devices with a regrown silicon dioxide layer after 

several days from fabrication49) for devices applied with thicker films (48 and 62 nm), as shown 

in Figure 3.10 (d). It is possible that the polymer in these thick films protects the insulating 

silicon oxide layer from being etched by the HF treatment. There was a decreasing trend in the 

FF as the thickness of the films decreased from 62 to 13 nm, as shown in Figure 3.10 (e), 

which was probably due to the lower Rsheet of the thicker films with more conducting paths. The 

error bars in Rshunt were large (not shown here) and thus no clear trend was observed. The 

devices with 38 nm films had the lowest Rseries, as shown in Figure 3.10 (f), which had a 

reverse trend as that of the efficiencies. In addition, the Rseries for 13 nm film coated devices 

was much higher than others probably due to a worse heterojunction. 

Table 3.3 The performance details of PANI-CNT/Si devices with different thicknesses at 
the same optimal component ratio. The performance of the best device in each group 
are shown in the brackets. 

Average 
thickness 

(nm) 

JSC 
(mA cm-2) VOC (V) FF Efficiency 

(%) Ideality Jsat 
(mA cm-2) 

Rseries 

(Ω) 

13 
15.2 
± 0.1 
(15.2) 

0.55 
± 0.01 
(0.58) 

0.39 
± 0.01 
(0.39) 

3.26 
± 0.57 
(3.43) 

2.3 ± 0.1 
(2.2) 

8.57 × 10-3 
± 1.43 × 10-3 
(7.98 × 10-3) 

188 
± 8 

(182) 

26 
26.0 
± 0.2 
(25.9) 

0.57 
± 0.00 
(0.57) 

0.45 
± 0.00 
(0.45) 

6.63 
± 0.06 
(6.65) 

1.7 ± 0.1 
(1.6) 

2.22 × 10-6 
± 9.95 × 10-7 

(2.32 × 10-6) 

95 
± 2 
(94) 

38 
25.0 
± 0.4 
(25.4) 

0.58 
± 0.00 
(0.58) 

0.49 
± 0.01 
(0.5) 

7.22 
± 0.29 
(7.42) 

1.9 ± 0.1 
(1.8) 

8.52 × 10-6 
± 7.06 × 10-7 

(8.53 × 10-6) 

57 
± 4 
(55) 

48 23.1 ± 0.6 
(23.1) 

0.48 
± 0.01 
(0.49) 

0.56 
± 0.01 
(0.57) 

6.21 ± 0.22 
(6.44) 

2.1 ± 0.1 
(2.0) 

8.90 × 10-5 
± 8.06 × 10-6 

(8.87 × 10-5) 

75 ± 8 
(69) 

62 
20.9 
± 0.9 
(20.1) 

0.46 
± 0.01 
(0.47) 

0.58 
± 0.01 
(0.58) 

5.46 
± 0.16 
(5.49) 

2.2 ± 0.1 
(2.2) 

4.54 × 10-4 
± 1.45 × 10-4 

(4.50 × 10-4) 

104 
± 18 
(98) 

 

In terms of the diode properties, a better heterojunction seemed to be created with the 

decrease in the thickness from 62 nm to 26 nm with the same ratio, where lower ideality and 
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Jsat values were achieved, as shown in Figure 3.10 (g) and (h). The exception existed in the 

devices with the thinnest films (13 nm). This is again most likely due to the extremely sparse 

PANI-CNT network which is not able to form a good heterojunction with the beneath Si layer. 
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Figure 3.10 Performance of the PANI-CNT/Si devices with hybrid films of different 
thicknesses but the identical optimal component ratio. (a) J-V curves of typical devices 
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under light conditions, (b) Efficiency, (c) JSC, (d) VOC, (e) FF, (f) Rseries, (g) Ideality and (h) 
Jsat. 

3.4.3.3 Relationship between efficiency and FOM 

The efficiency of the devices as a function of FOM is plotted in Figure 3.11. There seems no 

clear correlation between these two parameters, in which the films with the best FOM value 

does not lead to the devices with the best performance. However, the worst performing 

devices have the lowest FOM value among all of these films. It suggests that the performance 

of the devices is not entirely dependent on the optoelectronic properties of the TCFs, and the 

quality of the heterojunction also plays an important role in these devices. 

 

Figure 3.11 Efficiency versus FOM for PANI-CNT/Si devices with films in the same 
component ratio but different thicknesses. 

With the preparation of the PANI-CNT composite films, one of the limitations of CNTs in 

CNT/Si solar cells is overcome, namely, the incomplete contact between the sparse CNT 

network and the underneath Si light absorbing layer. This finding is evidenced by the fact that 

the devices with the highest efficiency were fabricated with hybrid films which did not have the 

best optoelectronic properties. Future work in this field might be to replace PANI with another 

conducting polymer having limited absorbance in the same wavelength range as silicon so that 

large amount of polymer could be applied on the Si surface. These findings are also relevant to 

other carbon material-based photovoltaics, including graphene–silicon solar cells.63 

3.5 Conclusions 
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Single-walled carbon nanotubes were combined with polyaniline to create a homogenous 

composite electrode by a simple vacuum filtration process, and the resulting films were used 

as the transparent conducting electrodes (p-type) on silicon (n-type) to form heterojunction 

solar cells. It is found that the addition of conducting polymer into CNT network can 

significantly reduce the sheet resistance and therefore enhance the performance of the 

photovoltaics. By studying the influence of the component ratio on the solar cell performance, 

the efficiency of the devices was increased dramatically after the optimisation of the film 

composition. The role of the conducting polymer was further investigated and it was found that 

the polymer played an important role in the formation of a good heterojunction. In addition, the 

thickness of the composite film was optimised with the efficiency of the best device above 7.4 

%. More importantly, the results in this Chapter indicate that the morphology at the interface, 

which determines the heterojunction quality, is more important than the optoelectronic 

properties of the transparent conducting films applied on top of Si in such devices.  
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Chapter 4 Optimisation of the metal 

front contact design for single-walled 
carbon nanotube-silicon 
heterojunction solar cells 
This Chapter has been published as “Optimization of the Metal Front Contact Design for 

Single-Walled Carbon Nanotube-Silicon Heterojunction Solar Cells” in Solar RRL in 2017.  

Yu, L.; Grace, T.; Jazi, M. D.; Shearer, C.; Shapter, J. Optimization of the Metal Front Contact 

Design for Single-Walled Carbon Nanotube-Silicon Heterojunction Solar Cells. Solar RRL 

2017. 1600026. 
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4.1 Overview 

Heterojunction photovoltaic devices based on single-walled carbon nanotube transparent 

conducting films and silicon have been studied for more than 10 years. Until now, the typical 

active area sizes of these solar cells are still limited to the  lab scale. However, the working 

area of the devices is not easy to increase to fulfil the requirement for industrial application due 

to the limited conductivity of the SWCNT-based transparent conducting films. In this Chapter, 

the optimal metal front contact grid design is determined, which can be potentially applied over 

a much larger active area to meet commercial demands. Gold grids in 12 different patterns 

acting as current collecting electrodes, are defined on the surface of the n-type silicon wafer. 

SWCNT-Si heterojunction devices are created with the deposition of p-type SWCNT 

transparent conducting electrodes on the silicon substrates covered with various grid design. 

Three different types of SWCNT thin film electrodes with various thickness, transparency, and 

sheet resistance were prepared. The influence of the active area size and the porosity of the 

grid patterns on the performance of the solar cells have been investigated for each individual 

type of SWCNT thin film. It was found that the solar cell performance was improved for all films 

by employing a grid-patterned electrode, and particularly, there was a large improvement in the 

fill factor of the devices. The greatest performance improvement (over 100%) was observed 

when thinner, more transparent, and less conductive SWCNT thin film electrodes were 

applied. The results in this Chapter indicate that application of a patterned metal front 

electrode is a scalable approach to fabricate solar cells with efficiency more than 10%. 

 

4.2 Introduction 

Carbon nanotube-silicon (CNT-Si) heterojunction solar cells have been investigated intensively 

since they are regarded as one of the potential alternatives to traditional silicon-based 

photovoltaics.1-4 During the last a few years, the best efficiency of this type of solar cells has 

been above 17 % with the optimal heterojunction structure as well as the application of 

different antireflection layers.5-6 It is worth noting that the active area sizes of most of the 

devices with high efficiencies are relatively small (below 0.1 cm2), which are unlikely to be 

used in commercial application, both because of the difficulty in reproducibly fabricating such 
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devices and the reality that the output power density decreases with the increase in active area 

sizes for CNT-Si devices.7-14 As a matter of fact, it was reported that the efficiency of CNT-Si 

devices dropped from 8.26 to 3.97 % as the active area increased from 0.06 to 2.15 cm2.15 
Specifically, there is a higher internal series resistance when a larger transparent conducting 

SWCNT film is applied in such a device, and as a result, the fill factor is reduced and serious 

resistive power loss occurs. Under such conditions, the only transport paths for charge carriers 

moving from the working area to the surrounding metal electrode, including gold (Au) and 

silver (Ag), is the SWCNT network. This infers that travelling a longer distance is required for 

charge carriers over a larger porous network before they are collected and the resulting 

possibility of recombination is higher.16  

The general approach to reduce the high series resistance of the SWCNT-based transparent 

conducting films is to increase the number of CNTs (or the thickness) in the network to provide 

more transport paths.17-18 However, in the application of a window electrode in a solar cell, this 

approach sacrifices the optical transmittance, and results in a reduced number of excitons 

being produced under the sunshine because fewer photons are absorbed by the Si substrate 

when SWCNT electrode absorbs more. Thus, there exists a trade-off between the 

transmittance and the conductivity of the SWCNT thin film electrode. In the evaluation of  

transparent conducting films, the excellent optoelectronic properties are dependent on both 

high transmittance and high conductivity, which results in a high value of the figure of merit 

(FOM, see Section 1.2.2.1) taking both factors into consideration concurrently.19-20 More 

specifically in the case of SWCNT electrodes, the large films with high transmittance normally 

have high sheet resistance (more than a few kΩ sq-1), which is not desirable for solar cell 

applications where highly transparent large films are required as the window electrodes.21-22 

To address this issue, people are inspired by the commercial Si based solar cells where the 

grid patterned metal front electrode is applied to optimise light transmittance, collection of 

current, and the cost.23 Recently, in order to mimic the strategy in traditional Si-based 

photovoltaics with p–n junctions, in which the deposition of the metallic grids are performed on 

the front of the top Si layer, Li et al. applied Ag nanowires on top of the surface of SWCNT-Si 

device (active area: 0.49 cm2) and the efficiency was improved from 4.31 to 7.89 % (nearly a 

twofold improvement).9 The incorporation of Ag nanowires in the SWCNT network can 
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significantly reduce the sheet resistance of the electrode film, and thus improve the 

performance of the devices. However, SWCNT films are required to be dense enough to avoid 

any undesired contact between the metallic Ag nanowires and the Si substrate since the direct 

contact may cause electrical shorts and then ruin the devices.24-25 Thus, deposition of metal 

grids directly onto the SWCNT-Si surface (such as via physical vapour deposition or 

evaporation) should be avoided due to the porous nature of the SWCNT network which 

enables the metal particles to penetrate through. Hence, it is required to develop a new 

deposition approach which maintains the function of the grid in decreasing the distance for the 

charge carriers to travel from formation point to metal electrode. 

In this Chapter, in order to prevent the undesirable direct contact between the metal grid and 

Si surface, photolithography was used to define the Au grids on the surface of Si wafers 

covered with a thermal oxide layer (SiO2), as shown in Figure 4.1 (a). The area of the silicon 

dioxide not covered with Au grids was then etched and the underlying Si (active area) was 

then exposed to the air, as shown in Figure 4.1 (b). A SWCNT film was then deposited via 

filtration-transfer approach on top of the substrate to form a heterojunction solar cell device. 

The schematic structure of the solar cells is shown in Figure 4.1 (c) and (d). Solar cells with 

different metal patterns (the distance between lines and the width of the lines are defined as 

“a” and “b”, respectively, as shown in Figure 4.1 (e)) and thicknesses of SWCNT thin films, are 

prepared and tested to optimise and investigate their influence on the performance. 

 



150 
 

Figure 4.1 Si wafer with a layer of thermal oxide, on top of which is the Au grid pattern 
defined by photolithography (a) before and (b) after removing the exposed oxide layer 
(blue square area). (c) Schematic architecture of device patterned with Au grid after the 
deposition of SWCNT transparent conducting thin film electrode. (d) Schematic 
structure of device patterned with Au fingers with the deposition of SWCNT films (e) 
The definition of the parameters in the design of the grids (a is the gap distance 
between Au lines and b is the width of Au lines). 

 

4.3 Experimental details 

SWCNT stock dispersions were prepared with the procedure described in section 2.2.2.1.1. 

The preparation and characterisation of the electrode are described in sections 2.4.2 and 

2.6.1.1. The methods of defining patterns on the grids are shown in section 2.5.2. In addition, 

device fabrication along with testing of the solar cell performance are described in sections 

2.5.1 and 2.6.1.2. The designs of the metal grids were investigated by SEM while the thickness 

of the front metal electrode was measured by AFM. 

 

4.4 Results and discussion 

4.4.1 Preparation and characterisation of pure SWCNT transparent conducting films 

Pure SWCNT films were fabricated by the filtration-transfer approach starting from a stable 

aqueous dispersion of SWCNT. The major goal of applying the grid patterns in CNT/Si 

heterojunction solar cell is to enhance the ability to collect separated holes over the entire 

transparent conducting film, which has the potential to provide an opportunity to use thinner 

films in the solar cells. Different volumes of SWCNT dispersion were used to fabricate 

SWCNTs TCFs in order to investigate the potential possibility of applying films with excellent 

electrical properties with high optical transmittance in the solar cells, with the detailed 

properties listed in Table 4.1 and plotted in Figure 4.2. As shown in Figure 4.2 (a), a linear 

relationship (Equation 4.1) between transmittance at 550 nm of the SWCNT TCFs and the 

volume of dispersion used for vacuum filtration was observed, 
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T = -0.0482 V + 97.154 (R2 = 0.988)          Equation 4.1 

where T and V are the transmittance and the volume, respectively. In this Chapter, the 

transmittance of SWCNT TCFs ranges from 93 to 36%. The Rsheet of the “as-prepared” 

SWCNT TCFs before SOCl2 treatment decreases with decrease in the transmittance from 

above 3000 Ω sq-1 (for T above 90%) to about 100 Ω sq-1 (for T less 40%). Rsheet of all SWCNT 

TCFs with different transmittances dramatically decreased after chemical doping with SOCl2 by 

shifting the Fermi level of SWCNT into the valence band, as shown in Figure 4.2 (b). 

Furthermore, there is an exponential relationship between Rsheet and transmittance for both the 

as-prepared and chemically treated TCFs, as shown in Equation 4.2 and Equation 4.3, 

Rsheet = 4.92 × 10−5 e
T
8.39 + 0.18 (R2 = 0.998)           Equation 4.2 

Rsheet = 4.40 × 10−7 e
T
5.95 + 0.12 (R2 = 0.988)          Equation 4.3 

where Rsheet and T are the sheet resistance and the transmittance of the SWCNT TCFs. The 

final performance of the devices is highly dependent on both of these two factors while 

improving one generally results in the worsening of the other. Commonly, in the TCFs 

community or industry, FOM is used to describe these two factors at the same time and 

evaluate the optoelectronic properties between different TCFs. The equations used to 

calculate FOM have been explained in section 1.2.2.1.26-28 

Table 4.1 The optoelectronic properties of SWCNTs transparent conducting films 
fabricated with different amount of dispersions. 

Volume of 
SWCNT 

dispersion 
 (µL) 

T at 550 nm 
(%) 

Rsheet 

(Initial) 
(Ω sq-1) 

Rsheet (SOCl2) 
(Ω sq-1) 

FOM 
(Initial) 

FOM 
(SOCl2) 

100 93 3265.04  
± 32.83 

2643.51  
± 0.54 1.39 1.72 

200 89 2317.09  
± 14.28 

1859.31  
± 1.14 1.37 1.71 

300 86 1560.67  
± 7.44 

821.02  
± 1.34 1.55 2.95 

400 78 749.78  
± 0.18 

405.78  
± 0.15 1.90 3.52 

500 71 475.98  246.94  2.17 4.18 
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± 0.22 ± 0.01 

600 67 357.84 
± 0.05 

179.48  
± 0.05 2.40 4.79 

700 61 263.78  
± 0.04 

134.91  
± 0.02 2.51 4.95 

800 56 244.14  
± 0.56 

140.35  
± 0.01 2.32 4.02 

900 51 204.78  
± 1.83 

114.15  
± 0.05 2.31 4.12 

1000 48 188.46  
± 0.09 

127.62  
± 0.05 2.22 3.29 

1100 46 163.78  
± 0.04 

103.83  
± 0.04 2.46 3.90 

1200 42 155.04  
± 0.11 

86.97  
± 0.03 2.27 4.08 

1300 36 121.10  
± 0.01 

64.29  
± 0.01 2.33 4.39 

 

Normally, higher FOM values indicate better optoelectronic properties. The calculated FOM 

values for the TCFs both before and after chemical doping are listed in Table 4.1 and their 

correlation with the transmittance are plotted in Figure 4.2 (c). As the doping can cause a 

decrease in Rsheet and maintain T, optoelectronic properties (FOM values) were improved after 

the treatment. The general trend is that SWCNT TCFs with higher T seem to have lower FOM 

values than that of films with lower T. In detail, FOM increases as the transmittance reduces 

from about 90% to about 75%, and then fluctuates within a constant range for both treated and 

untreated films. Therefore, in this Chapter, SWCNT TCFs with transmittance less than 75% 

were not applied as the electrodes for solar cells, and TCFs fabricated with 400, 300, and 100 

µL (T = 78, 86, and 93 %, as shown in Figure 4.2 (c)) were applied to solar cells in the 

investigation of the impact of grids on the device performance with sufficient variety in FOM. 
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Figure 4.2 (a) The optical transmittance of SWCNT TCFs versus the volume of stock 
dispersion used during the vacuum filtration (the red line is the linear fit). (b) Rsheet of 
the as prepared SWCNT TCFs and the counterparts after chemical doping by SOCl2 
treatment correlated to the optical transmittance (the short dashed curves are the 
exponential fits). (c) Optoelectronic properties (FOM) of the SWCNT TCFs before and 
after chemical doping. 

4.4.2 The influence of the active area on the device performance  

The impact of the active area size on the device performance has been investigated with the 

application of SWCNT films (T = 78 %) on Si substrates with defined square active areas of 

0.04 and 0.09 cm2. The performance details are listed in Table 4.2 and the J–V curves under 

light conditions are shown in Figure 4.3 (a). The dark curves of the devices are provided in 

Figure 4.3 (b).  

Table 4.2 Solar cell performance with SWCNT films (T = 78 %) on different types of 
substrates (all squares), including 0.04 cm2 (no grid), 0.09 cm2 (no grid), 0.09 cm2 
(fingers) and 0.09 cm2 (grids), as shown in Figure 4.3. These values represent an 
average and standard deviation of 3 devices. 

Area 0.04 cm2  
(No grid) 

0.09 cm2  
(No grid) 

0.089 cm2 
(Fingers) 

0.088 cm2 
(Grid) 

JSC  
(mA cm-2) 24.2 ± 0.5 24.6 ± 0.5 23.8 ± 2.0 24.2 ± 0.2 

VOC  
(V) 0.539 ± 0.008 0.551 ± 0.006 0.553 ± 0.001 0.576 ± 0.004 

FF 0.60 ± 0.02 0.44 ± 0.06 0.62 ± 0.03 0.68 ± 0.01 
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Efficiency 
(%) 7.88 ± 0.24 5.97 ± 0.78 8.13 ± 0.60 9.52 ± 0.09 

Rshunt  
(Ω) 

8.04 × 103 
± 1.00 × 103 

4.29 × 103 
± 1.12 × 103 

9.60 × 103 
± 2.30 × 103 

1.60 × 104 
± 1.52 × 103 

Rseries  
(Ω) 

81.1 ± 23.5 143.5 ± 9.2 74.9 ± 7.6 50.4 ± 2.2 

Ideality 1.42 ± 0.02 1.52 ± 0.33 1.38 ± 0.18 1.38 ± 0.12 
Jsat  

(mA cm-2) 
9.65 × 10-6 

± 8.27 × 10-9 
3.36 × 10-5 

± 5.55 × 10-5 
2.22 × 10-6 

± 2.95 × 10-6 
1.86 × 10-6 
± 2.28× 10-6 

 

 

Figure 4.3 Schematics of the active area of four different substrates. 

As anticipated, the efficiency shows a decreasing trend from 7.88 to 5.97 % with the increase 

in the size of the active area from 0.04 to 0.09 cm2. Among all of the factors in Table 4.2, the 

difference mainly exists in the change of FF from 0.60 to 0.44, while JSC stays relatively 

constant. There is a slight change in VOC and this will be explored with further changes in grid 

design. In addition, the diode properties of devices with smaller active area (0.04 cm2) are 

better than those of larger devices, with lower ideality and Jsat.  
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Figure 4.4 J-V curves of devices with different active area sizes (0.04 and 0.09 cm2) with 
SWCNT electrodes (T = 78%) under (a) light and (b) dark conditions. 

In theory, this performance degradation is due to two factors. Firstly, increase in the active 

area size results in an increase in the internal resistance of the SWCNT TCFs, which leads to 

a reduced FF and thus the dramatic loss of power. Secondly, the recombination probability 

increases with the increase in the transport distance for a charge carrier (hole) moving from 

the centre area of the SWCNT TCFs to the metal electrodes, which contributes to the 

decreased FF as well.16 Thus, it is important to address the issue caused by the active area 

sizes when the dimensions of the devices are above 1 cm2 in commercial applications. 

4.4.3 The influence of the different front metal electrode patterns on the device 
performance  

For this reason, in this Chapter, the application of grid structures in SWCNT/Si solar cells is 

investigated, and devices with different patterns on the same square area (0.09 cm2) are 

fabricated. The J–V curves of devices with three different metal front electrode patterns on the 

same square region, including no grid, fingers and grid under light and dark conditions are 

shown in Figure 4.5. Further details of their performance are summarised in Table 4.2.  

Among these three types of SWCNT/Si devices, solar cells with Au grid (a = 1mm, b = 

0.01mm) have the best performance (9.52%, even higher than the efficiency of the 

counterparts with a small size of active area 0.04 cm2) and those without any grid have the 

lowest efficiency (5.97%). The improved efficiency by the addition of grid patterns is due to the 

considerable increase in FF (from 0.44 (no grid) to 0.68 (with grid)), as shown in Figure 4.5 (a). 

Both JSC and VOC of all these three types of devices are similar since the SWCNT TCFs used 
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in these devices have the same transmittance. The grid-patterned devices have the lowest 

Rseries (50 Ω) and the highest Rshunt (1.60 × 104 Ω), which is due to the decreased internal 

resistance across the TCF and suppressed recombination cases. The devices with fingers and 

grid also show some improvement in the diode properties seen in the lower ideality as well as 

Jsat, compared to those of the devices without grid. Thus, Au metal grids are effective in 

improving hole transport and collection ability by reducing the transporting distance between 

the location of exciton separation to the metal collector for the charge carriers. 

 

Figure 4.5 J–V curves (light) of devices with different Au front electrode patterns (no 
grid, fingers and grid) on the same square area (0.09 cm2) with SWCNT electrodes (T = 
78%) under (a) light and (b) dark conditions. 

4.4.4 Different patterns of grid structures 

Since the grid pattern results in the solar cells with the best performance, the next step is to 

optimise the pattern of the grid electrode. In an ideal situation, the metal pattern would use a 

minimum amount of gold with the efficiency to be as high as possible. Before the investigation 

of the impact of the grid designs on the solar cell performance, 12 different grid structures were 

defined on both circular (0.079 cm2) and square (0.09 cm2) working areas during the 

photolithography process (refer to 2.5.2). In total, there are 24 different structures and the 

details are listed in Table 4.3.  

The porosity parameter, (P), is generally defined as the ratio of the volume of pores to the sum 

volume of the solid material. It is often used to characterise porous materials and is related to 

many properties, such as hydraulic resistance and penetration, heat capacity, and mechanical 

properties.29-31 When the grid patterns are considered to be porous materials, P of the square 
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or circle (PS or PC) can then be defined in a similar way, as shown in Equation 4.4 and 

Equation 4.5, 

PS = AS−Agrids
AS

          Equation 4.4 

PC = AC−Agrids
AC

          Equation 4.5 

where Agrids is the region covered by metal grid lines and AS (or AC) is the area of  the square 

(or circular) area. In this Chapter, AS (or AC) is 0.09 cm2 (or 0.079 cm2). The calculated PS (or 

PC) values are listed in Table 4.3.  

Table 4.3 The details of the grid patterns (a is the spacing distance between Au lines 
and b is the lines width, as shown in Figure 4.1 (e)); for each a value, there are three 
different b values in order to prepare three different grid patterns; therefore, there are 
twelve different designs explored in this Chapter. When both a and b are 0, this refers to 
a device with no grid on the circular or square area. The active area of each design on 
the square (or circular) area has been shown as AS - Agrids (or AC - Agrids). Because at the 
edge of the design on the circular area is irregular, the active areas are estimated by 
AutoCAD 2015. PS (or PC) are the P values of each design for circular (or square) 
architectures.  

a 
(mm) 

b 
(mm) 

AS – Agrids 

(cm2) 
PS 
(%) 

AC – Agrids 
(cm2) 

PC 
(%) 

1 0.1 0.072 80.0 0.064 81.0 
1 0.05 0.081 90.0 0.071 89.9 
1 0.01 0.088 97.8 0.077 97.5 

0.5 0.1 0.062 68.9 0.054 68.4 
0.5 0.05 0.075 83.3 0.065 82.3 
0.5 0.01 0.087 96.7 0.075 94.9 
0.25 0.1 0.044 48.9 0.040 50.6 
0.25 0.05 0.062 68.9 0.054 68.4 
0.25 0.01 0.083 92.2 0.073 92.4 
0.01 0.1 0.022 24.4 0.020 25.3 
0.01 0.05 0.040 44.4 0.035 44.3 
0.01 0.01 0.074 82.2 0.065 82.3 

0 0 0.090 100.0 0.079 100.0 
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4.4.5 Characterisation of the front metal electrode  

In order to evaluate the quality of the defined grids pattern, the structure was imaged by SEM, 

as shown in Figure 4.6 which shows 12 different designs with certain porosity (P). The lines on 

the surface are denser and thicker with the decrease in the line spacing distance (a) (from 1 

mm to 0.1 mm) and the increase in the line width (b) (from 0.01 mm to 0.1 mm), which results 

in the decrease in the P (from 97.8 % to 24.4 %). It is clearly shown that the pattern of the 

grids have been defined successfully on top of Si substrate after removing the photoresist in 

an acetone bath with the exception of some defects in the case of very thin lines in the delicate 

structures (the red circle). In particular, the grid lines are clear with sharp corners and they are 

the collectors for charge carriers, positively charged holes in CNT/Si devices.  
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Figure 4.6 SEM images of the grid patterns with different porosity, spacing distance and 
width of the lines. The lines (bright regions) are the grid area (Au/Cr) and the holes are 
silicon dioxide surface. The red circle shows a defect. P is porosity; a is the spacing 
distance; and b is the width of the lines. 
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4.4.6 Performance of the devices with different grid patterns (square region) 

The solar cell performance with SWCNT electrodes (T = 78, 86, and 93%) on Si substrates 

with 12 different grids patterns on the square regions are shown in Figure 4.7, with the 

performance of the control devices with SWCNT electrodes for each individual transmittance 

on square areas without grids.  

As shown in Figure 4.7 (a), for grid devices with SWCNT films with T = 86%, the efficiency 

increases with porosity, with the best efficiency above 10%. This tendency is less obvious 

when SWCNT TCFs with lower transmittance (78%) are used. However, there is no clear 

correlation between the porosity and the efficiency when the most transparent SWCNT TCFs 

are applied. Because efficiency is a combined result from all three factors (JSC, VOC, and FF, 

see Equation 4.6), they all make a contribution.32 

Efficiency = JSC VOC FF
PIncident

          Equation 4.6 

where PIncident is the radiation intensity of the incident beam (100 mW cm-2 under AM 1.5). For 

all non-grid devices with SWCNT TCFs (T = 78, 86, and 93%), their efficiencies are 5.97 ± 

0.77, 4.73 ± 0.24, and 4.18 ± 0.08%. Compared to these values, the grid counterparts with the 

best performance have much higher efficiencies, namely 9.52 ± 0.09, 10.29 ± 0.31, and 9.53 ± 

0.69%, which suggests that the highly transparent SWCNT TCFs can be applied with a grid 

metal electrode in SWCNT/Si solar cells.  

Noticeably, the efficiency for non-grid devices with highly transparent SWCNT TCFs (T = 86 

and 93%) is less than half that of the best grid counterparts. This is due to the dramatically 

decreased internal resistance of the CNT electrode where fewer frequent recombination 

events of the separated charge carriers occurs when grid designs are applied. There is no 

evident change in series resistance with the grid devices when a lower transparent films (T = 

78 %) are applied (as shown in Figure 4.7 (f)), and therefore, the change in FF and PCE 

values is smaller than that for thinner SWCNT TCFs. 
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Figure 4.7 Solar cell performance with three thicknesses of SWCNT TCFs (T = 78, 86, 
and 93 %) on Si substrates coated with 12 patterns on square area. Performances of the 
devices with no grids are also shown (hollow data points at the porosity of 100% in 
each plot). (a) Efficiency, (b) Jsc, (c) Voc, (d) FF, (e) Rshunt, (f) Rseries, (g) Ideality and (h) 
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Jsat. (Values of these data points are the average with standard deviation of three 
devices.) 

Initially, one might expect that as more Au lines are added to decrease the porosity, it will be 

easier to capture charge carriers due to the shorter transport distance.  However, the fact is 

that JSC decreases with decreasing porosity for grid devices fabricated with all three types of 

SWCNT TCFs with different transmittances, as shown in Figure 4.7 (b). This could be 

understood as follows; there are some Si areas near the grid lines which are not in intimate 

contact with the SWCNT electrode because of the film rigidity and the height difference 

between the surface of metal electrode and Si (the red circle in Figure 4.8 (a)), which are 

formed during the filtration transfer deposition of SWCNTs. However, this non-contact region is 

included in the so-called “input active area” during the estimation of JSC, the measured current 

of the cell in total divided by the “input active area.” Therefore, the real JSC including only the 

“real active area” is always higher than the plotted JSC to some extent. Specifically, the JSC final 

value can be defined as Equation 4.7, 

JSC = IReal
AInput

= JUnit area AReal
AInput

= JUnit area 
AInput−ANon−contact

AInput
= JUnit area (1−ANon−contact

AInput
)  Equation 4.7 

where IReal (mA) is the current produced by the intimate contact area between SWCNT 

electrode and Si surface; AInput (cm2) is the “input active area”; JUnit area (mA cm-2) is the current 

density per unit area (it is assumed to be a constant value when the transmittance of SWCNT 

TCFs is determined), and ANon-contact (cm2) is the area of Si surface which is not in contact with 

SWCNT electrode. As shown in Figure 4.1 (e), when the porosity of the surface decreases with 

either lower a (lines closer together) or higher b (wider lines), ANon-contact will be larger. 

Meantime, AInput decreases with the decrease in porosity. As a result, the ratio of ANon-contact and 

AInput increases. Since JUnit area is assumed to be a constant value and the term (1 - 𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁−𝑐𝑐𝑁𝑁𝑁𝑁𝑒𝑒𝑐𝑐𝑐𝑐𝑒𝑒
𝐴𝐴𝐼𝐼𝑁𝑁𝐼𝐼𝐼𝐼𝑒𝑒

) 

decreases, a lower value of JSC would be recorded. 

In order to further investigate the influence of grid pattern on JSC in solar cells applied with 

SWCNT films of different transmittance, JSC values for non-grid and grid devices are compared 

and studied. For thick films (T = 78 %), the best JSC for the devices with and without grids are 

very similar, as shown in Figure 4.7 (b). This is because the film has a high FOM and JSC is not 
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limited by the conductivity of the film. However, for thinner SWCNT TCFs (T = 86 and 93 %), 

application of a pattern with high porosity considerably increases JSC values compared to the 

control devices without a grid pattern, because these films have such high Rsheet that they 

cannot effectively transport the produced charge carriers. With the addition of metal current 

collectors, the poorer Rsheet is negated and results in better JSC. 

 

Figure 4.8 (a) Schematic cross-section view of the solar cell illustrating that there is 
some non-contact areas (red circle) near the edge of the Au grid lines; the distance 
between Au/Cr and (b) SiO2 (before etching) or (c) Si surface (after etching) are 95nm 
and 195 nm, measure by AFM. 
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The Voc of grid devices increases slightly with the increase in the porosity when the 

transmittance of the SWCNT films is 78 and 86 %, though the changes are barely outside the 

standard deviations of the measurements. The Voc of the devices with high porosity is more 

variable but remains within 1 - 2 standard deviations for the devices with the high 

transmittance SWCNT TCFs (T = 93 %), as shown in Figure 4.7 (c), most likely due to lower 

contact area between Si and the sparse high T SWCNT films.  As discussed previously, there 

are more contact defects for patterns with low porosity, which may lower the overall Voc of the 

devices. In this case, the Voc of the non-grid devices is comparable to those of the grid devices 

with high porosity. 

As shown in Figure 4.7 (d), FF increases with the decrease in porosity for grid patterned 

devices with all three different types of SWCNT film (T = 78, 86, and 93 %). The FF of non-grid 

solar cells is generally much lower than those of all grid patterned counterparts, especially 

when highly transparent SWCNT electrodes are applied (T = 86 and 93 %). The dramatically 

improved performance of the grid devices is largely due to the great improvement in FF. The 

internal resistance of the window SWCNT electrodes decreases with the addition of the metal 

grids. Thus, when the grid lines are denser, the transporting distance of charge carriers 

between the position where excitons are separated and the grid current collector is shorter, 

leading to a lower probability of recombination with the improvement in FF.  

From Figure 4.7 (e), there is no clear correlation between Rshunt of the grid patterned devices 

and porosity of all three types of SWCNT electrodes (T = 78 %, 86 % and 93 %). Additionally, 

the Rshunt values of the non-grid devices are similar to those of grid devices. In contrast, a clear 

correlation between Rseries and porosity for grid patterned solar cells is observed, as shown in 

Figure 4.7 (f). The Rseries decreases with the increase in porosity. For non-grid devices with 

thick SWCNT films (T = 78 %), Rseries is slightly higher than those of grid patterned 

counterparts with high porosity (P > 85 %) and close to those of devices with low porosity (P < 

85 %). For non-grid devices with thinner SWCNT films (T = 86 %), Rseries is higher than those 

of grid devices with porosity of above 50 %. For non-grid devices with thinnest SWCNT 

electrodes (T = 93 %), Rseries is higher than those of all grid patterned devices with P across 

the full range. All these trends suggest that grids with high porosity can dramatically reduce the 

Rseries of devices, especially when highly transparent SWCNT electrodes (86 % and 93 %) are 
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applied, and the decrease in the porosity of the patterns normally results in increased Rseries. 

Based on this view, the devices with highly porous patterns perform better than those with 

grids of lower porosity. 

In terms of diode properties, it is expected that as the recombination of the dissociated charge 

carriers are suppressed with the decrease in porosity so diode properties would be improved 

(lower ideality and Jsat). However, when the porosity is low enough, the increased noncontact 

area could also have an important role in diode properties. Unfortunately, as shown in Figure 

4.7 (g) and (h), no clear correlation between ideality and porosity, and Jsat and porosity is 

observed due to the large error bars.  

4.4.7 Performance of the devices with different grid patterns (circular region) 

The details of the solar cell performance on substrates with the same type of patterns but on 

circular areas and their control devices are shown in Figure 4.9. As shown in all of these plots, 

the performance (including every aspect, JSC, VOC, FF, Efficiency, Rshunt, Rseries, ideality and 

Jsat) of the solar cells with circular regions coated with grids have a similar trend to that 

observed in solar cells fabricated with square areas. In addition, there is no correlation 

between the porosity and Rshunt, ideality and Jsat because of large error bars in these plots. 
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Figure 4.9 Performances of devices prepared with three different thicknesses of SWCNT 
electrodes (T = 78, 86 and 93 %) on Si substrates coated with 12 different metal patterns 
on a circular area. Performances of the solar cells with no grids are also shown (hollow 
data points at the 100 % porosity in each plot). (a) JSC, (b) VOC, (c) FF, (d) Efficiency, (e) 
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Rshunt, (f) Rseries, (g) Ideality, and (h) Jsat. (Values of these data points are the average of 3 
devices and error bars are calculated to standard deviation). 

In the comparison between the control devices without grids based on circular and square 

area, circular-area devices show higher efficiencies as well as better diode properties with all 

three types of SWCNT electrodes than those of square-area counterparts (as shown in Figure 

4.7 and Figure 4.9). The main reason for this fact is that the circular area is smaller than the 

square one (0.079 versus 0.09 cm2) and the higher FF of circular-area devices leads to the 

better performance. 

4.4.8 Influence of the transmittance of the SWCNT electrode on the solar cell 
performance  

The influence of the transmittance of SWCNT electrodes on the solar cell performance with 

grid patterns are investigated by extracting the data points from Figure 4.7 and Figure 4.9, and 

they are replotted into Figure 4.10, where both circular- and square-area devices are included. 

As shown in Figure 4.10 (a), with the combined effects of three factors (JSC, VOC and FF), when 

the transmittance of SWCNT electrodes is 86 % (FOM = 2.95), solar cells have the highest 

efficiency. Solar cells with the most transparent SWCNT films but lowest FOM have highest 

JSC over the full porosity range (Figure 4.10 (b)), JSC (T = 93 %, FOM = 1.72) > JSC (T = 86 %, 

FOM = 2.95) > JSC (T = 78 %, FOM = 3.52), which is due to the fact that more photons can 

penetrate through the SWCNT films. In terms of VOC, as shown in Figure 4.10 (c), devices with 

transmittance of 78 % and 86 % perform similarly, while slightly lower VOC values are observed 

in solar cells fabricated with the thinnest SWCNT electrode (T = 93 %). A decreased VOC is 

generally observed with the limited contact area formed between the SWCNTs and the Si, 

particularly when a very thin SWCNT film containing an extremely sparse network (with high 

transparency and low FOM). Solar cells with SWCNT films with transmittance of 86 % have the 

highest FF while the FF values across the full porosity range for the devices with the other two 

types of SWCNT (T = 78 and 93 %) are similar, as shown in Figure 4.10 (d). There is no clear 

correlation observed between the Rshunt and the transmittance of the SWCNT films (Figure 

4.10 (e)). However, as shown in Figure 4.10 (f), solar cells with SWCNTs films with 

transmittance of 86 % have the lowest Rseries values among three sets of devices. In addition, 
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the devices with SWCNTs films with transmittance of 86 % have the best diode properties 

(lowest ideality as well as Jsat) among all three groups of data, as shown in Figure 4.10 (g) and 

(h).  

All of these results indicate that SWCNT electrodes with a transmittance of 86 % might be the 

best candidate in fabrication of solar cells patterned with grid structures. For grid-free devices, 

the efficiency increases (from 4.18 to 5.97 %) with the decrease in the transmittance resulting 

in the increase in FOM of SWCNT films (from 1.72 to 3.52). Interestingly, for solar cells with 

grid patterns, the best performing devices are not made of the SWCNT electrode with the best 

FOM, which highlights the ability of grids to enable the application of the highly transparent 

SWCNT films. 
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Figure 4.10 Solar cell performance versus porosity with SWCNT films of different 
transmittance (78 %, 86 % and 93 %). (a) Efficiency, (b) JSC, (c) VOC, (d) FF, (e) Rshunt, (f) 
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Rseries, (g) Ideality, and (h) Jsat. Grids on both circular and square regions are included as 
one identical colour in these plots. 

4.4.9 Summary and outlook 

SWCNT/Si solar cells with high porosity metal grids generally have excellent performance. It 

was found that the spacing distance needs to be high (> 0.25 mm) and the width of the metal 

lines need to be low (about 0.01 mm) in order to satisfy the requirement for efficient charge 

transport and collection. An intimate contact between SWCNT film and Si at the interface is 

one of the key factors in achieving high efficiency. The optimised transmittance of the SWCNT 

electrode was found to be 86 % when the patterned grid metal electrodes were applied. The 

high transparency enables more light to penetrate through the TCF and to be absorbed by the 

Si. However, when more transparent films are applied, the porosity of the SWCNT films results 

in worse effective contact region at the heterojunction. It is possible that greater performance 

can be achieved with the patterned metal electrode when a denser, more perfect SWCNT film 

could be produced. 

The grid design not only has improved the efficiency for thin film solar cells, but it could also be 

applied to devices on a larger scale.  The next step is to apply the grid approach in the 

application of large area devices. If this was applied to commercial scale cells (where the 

active area > 1 m2), further optimisation of the pattern would be needed to ensure that the thin 

Au grid lines were not overloaded by too much current, perhaps with the addition of thicker 

current collecting busbars at specific spacing. Additionally, further investigation to find the best 

CNT type to provide the maximum electrode conductivity would be of great value. 

There is still more scope to improve CNT/Si heterojunction devices. Since the degradation of 

the chemical doping effect and the regrowth of the insulating layer of SiO2 dramatically lowers 

the device performance within 1 week, encapsulation of the device (e.g., with polymers) is 

suggested.33 Furthermore, the encapsulating layer of polymer material can act as an 

antireflection coating to ensure higher energy absorption by the Si surface when a polymer 

with appropriate refractive index is chosen and fine control over its thickness is achieved, 

which will further improve the efficiency. Alternatively, inorganic materials, including TiO2, can 

also be used as the antireflection coating.10 Beyond CNT-Si heterojunction solar cells, the grid 
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pattern has the potential to be applied to some other types of photovoltaics, such graphene 

silicon heterojunction solar cells.34-37 

 

4.5 Conclusions 

The efficiency of the SWCNT/Si solar cells decreases with increasing size of the active area. In 

order to address this issue and fabricate high performance large active area devices, 12 

different Au grid patterns were successfully defined on top of n-type Si substrates which were 

then covered by p-type SWCNT thin films to fabricate SWCNT/Si heterojunction devices. The 

Au grids can significantly improve the device performance with the best efficiency above 10 % 

by applying SWCNT TCFs (T = 86 %) on grids with high porosity (above 85%). The great 

performance improvement is mainly due to an increase in the fill factor, which is related to the 

decreased series resistance and reduction in recombination events. 
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5.1 Overview 

The widely used hole transporting material, 2,2’,7,7’-tetrakis(N,N’-di-p-methoxyphenylamine)-

9,9’-spirobifluorene (spiro-OMeTAD), has been integrated as an interlayer with graphene 

oxide/single walled carbon nanotube–silicon (GOCNT/Si) heterojunction solar cells, creating  

GOCNT/spiro-OMeTAD/Si solar cells. The GOCNT electrode was deposited onto a Si surface 

coated with spiro-OMeTAD by organic–aqueous transfer without damaging the hole 

transporting layer. The effect of thickness of both the organic hole transporting layer and the 

transparent GOCNT electrode as well as the influence of gold chloride (AuCl3) doping on the 

performance of the solar cells are explored. Devices with power conversion efficiency about 13 

% have been fabricated with the optimised organic interlayer thickness (60 nm) and the 

transparent GOCNT electrodes (T > 80% at 550 nm). The results in this Chapter suggest that 

the recombination at the heterojunction interface is significantly minimised with the addition of 

a hole-conducting organic interlayer. Furthermore, the spiro-OMeTAD interlayer also 

functioned as a protection layer for the silicon surface, leading to dramatically enhanced 

stability of the solar cell performance. 

 

5.2 Introduction 

Carbon nanomaterials, such as carbon nanotubes1-5 and graphene,6-8 are widely studied and 

applied into thin film solar cells due to their excellent optoelectronic properties. Graphene oxide 

(GO), a 2D material, is amphiphilic and contains hydroxyl and epoxy groups on the basal 

plane, and hydroxyl and carboxyl groups at the edge regions.9-10 It has been combined with 

CNTs to create a GOCNT composite for the preparation of transparent conducting films.11 GO 

can disperse the aggregated CNTs onto their surface because of its amphiphilic nature, and 

thus form a stable aqueous suspension.12 Additionally, extra transport paths are provided by 

GO sheets within some regions where the CNTs are not connected.13-14 More attractively in 

terms of processing, the GOCNT composite films can be handled in aqueous medium unlike 

the pure CNT films because of the hydrophobic nature-related high compatibility with water.4 

Recently, GOCNT hybrid films have been used as a transparent top window electrode with 

silicon to create heterojunction photovoltaics.15 Though the exact nature of the heterojunction 
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is still not clear, the heterojunction can be approximately regarded as Schottky barrier, metal–

insulator–semiconductor or p–n junctions.16 In most cases, there is a thin layer of SiO2 

between GOCNT and Si which  reduces the dark current caused by electron tunnelling from Si 

to CNT and thus improves the diode properties.17 

In addition, several studies have shown that the addition of a conductive polymer interlayer 

between the silicon surface and the thin film electrodes, such as polyaniline, poly(3-

hexylthiophene-2,5-diyl) (P3HT), and poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS),18-19 can enhance the performance of CNT/Si device.  The main improvement of 

the devices is attributed to the hole transporting effect with the addition of the conductive 

polymers.20 Currently, the most widely used HTL material in dye sensitised and perovskite 

solar cells is spiro-OMeTAD,21-23 and it has also been integrated with graphene/silicon solar 

cells as an interlayer in order to improve both the hole transporting and the diode properties of 

the heterojunction.20,24 Based on these studies, the organic hole transporting material, spiro-

OMeTAD, can be potentially applied as an interlayer in the GOCNT/Si device to both behave 

as a HTL25-27 and to improve the diode properties at the interface without significant amount 

absorbance of solar irradiation, as shown in Figure 5.1 (b).28-32 

In this Chapter, the potential of applying spiro-OMeTAD as an interlayer between GOCNT 

transparent conducting electrode and Si (GOCNT/spiro-OMeTAD/Si) was explored and the 

devices without the organic interlayer were also fabricated for comparison, as shown in Figure 

5.1 (c) and (d). The device performance was maximised by optimising the thickness of spiro-

OMeTAD and the transmittance of GOCNT film. The effect of AuCl3 doping was studied and 

the stability of the device performance was monitored over 2 weeks. 
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Figure 5.1 Schematic energy diagram of (a) GOCNT/Si and (b) GOCNT/spiro-OMeTAD/Si 
solar cell. Schematic device structures of (c) GOCNT/Si and (d) GOCNT/spiro-
OMeTAD/Si devices. The band gap of GOCNT hybrid film is taken from the S11 peak 
position from the UV-Vis-NIR absorbance of the hybrid film. 

 

5.3 Experimental details 

The preparation methods of the spiro-OMeTAD and GOCNT stock solutions are described in 

sections 2.2.1.2 and 2.2.2.2. The fabrication and the characterisation of GOCNT TCFs are 

described in sections 2.4.3 and 2.6.2. The fabrication, post treatments and performance testing 

of the solar cells are described in sections 2.5.3.1, 2.5.3.2 and 2.6.2. 
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5.4 Results and discussion 

5.4.1 Device preparation and characterisation 

In this Chapter, the hybrid films of GOCNT were fabricated by vacuum filtration onto MCE filter 

membrane, which was then removed by immersing GOCNT/MCE in acetone for 90 min. 

Acetone can dissolve the majority of the MCE rapidly (<1 min) and the resulting flexible 

GOCNT film can move around in the liquid phase freely, as shown in Figure 5.2 (a). A 

homemade Teflon spoon was used to pick up and transfer the free-standing film from acetone 

to the deionised water bath. Interestingly, the GOCNT film was able to spread on the surface 

of water keeping its own shape, as shown in Figure 5.2 (b). 

Since the spiro-OMeTAD can be easily dissolved in acetone but not water, the transfer of 

GOCNT from acetone into water is very important in the solar cell devices. When the GOCNT 

film is floating on top of the water surface, a spiro-OMeTAD coated Si substrate can pick up it 

with no dissolution of the spiro-OMeTAD. The amphiphilic GO sheets play an essential role in 

the organic-aqueous transfer process of the hybrid film. In comparison, ten pure CNT films 

(after dissolving MCE in acetone) were transferred in the identical manner, but most of them 

disintegrated and the rest crumpled immediately when contacted with the water due to the 

intrinsic hydrophobic nature of the CNT, as shown in Figure 5.2 (c) and (d). By integrating GO 

sheets into the CNT network, both the mechanical properties and the wettability of the hybrid 

improved because of the two dimensional nature and hydrophilic groups on GO sheets.33-34 

After pressing GOCNT hybrid film down into water phase by the Teflon spoon, it behaves in an 

identical manner as it did in acetone phase, which is a further piece of evidence suggesting the 

improved water compatibility, as shown in Figure 5.2 (d). However, this transfer approach has 

its own limitation. When the GOCNT hybrid film is very thin (T > 80%), the difficulty of the 

transfer increases dramatically. Generally, the success rate of the transfer process for hybrid 

films with T of 77% is above 90% but this number is about 40% for GOCNT films with T of 84% 

at 550 nm. In this Chapter, GOCNT films with T above 90% at 550 nm always disintegrated 

during the transfer process.  Though increasing the GO content in the hybrid film is expected 
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to increase the success rate of the thin film transfer, this would dramatically sacrifice the 

optoelectronic properties.15 

 

Figure 5.2 (a) GOCNT films (T = 77% at 550 nm) moving below the liquid surface in 
acetone after dissolving MCE in a glass Petri dish. (b) GOCNT films spreading on top of 
the deionised water surface after being transferred by a homemade Teflon spoon. (c) 
Pure CNT films broken into pieces and (d) shrunk after being transferred from acetone 
to deionised water. (e) GOCNT films after being pressed down into water phase. 

Figure 5.3 shows the Raman spectra of pure GO, CNT and GOCNT film on glass slides. The 

intensity ratios of D-band to G-band (D/G ratio) for pure GO, pure CNT and GOCNT films are 

1.10, 0.12 and 0.21, respectively. The D band is due to the out-of-plane vibrations and it is 

related to the defects on graphene sheets while G band signal is caused by the in-plane 

vibrations of sp2 bonded carbon atoms. D band intensity is mainly due to the functional groups 

on GO sheets and a lower D/G ratio indicates lower defect content. As shown in Figure 5.3, 

both CNT (low-functionalised CNTs) and GO (highly functionalised GO) show typical values. 

The D/G ratio of GOCNT films is higher than that of pure CNT is due to the increased GO 

content in the films, rather than from the GO increasing the defect density of the CNTs.  
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Figure 5.3 The Raman spectra of pure GO, CNT and GOCNT films on microscope glass. 

As shown in Figure 5.4 (a), the transmittance (at 550 nm) of the GOCNT hybrid film has a  

linear correlation with the stock dispersion volume used during vacuum, as shown in Equation 

5.1;  

T = 92.64 − 0.052V (R2 = 0.98)          Equation 5.1 

With higher volumes of stock dispersion, more GO sheets and CNTs are collected on the filter 

membrane. Then, the transmittance of the films decreases due to more light being absorbed 

and the resulting films are thicker and thicker. More and more percolation paths are created 

with the decrease in transmittance, which results in the decrease in sheet resistance, as 

shown in Figure 5.4 (b). In this Chapter, the p-type dopant, AuCl3, is used to improve the 

optoelectronic properties of GOCNT hybrid films and dramatically reduce the sheet resistance 

(Figure 5.4 (b)). In addition, the sheet resistance has an exponential relationship with 

transmittance for both original and doped electrodes, as shown in Equation 5.2 and Equation 

5.3. 

Rsheet = 4.82 × 10−1 e
T

10.59 + 99.67 (R2 = 0.92)           Equation 5.2 

Rsheet = 7.49 × 10−4 e
T
6.09 + 136.8 (R2 = 0.99)          Equation 5.3 

As shown in Figure 5.4 (c), after AuCl3 doping, there is a slight decrease in the transmittance 

of the GOCNT film with complete bleaching of S11 peak and a suppressed S22 peak in UV-Vis-

NIR, which suggests that the Fermi level shifts into the valence band of semiconducting 

SWCNT.35 The exact mechanism of the doping is unclear. Most researchers believe that the p-
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type doping is due to the reduction of cationic Au3+ to Au0 while others attribute the doping to 

the formation of CNT-Cl where Cl withdraws electrons from CNTs.36 

 

Figure 5.4 (a) Transmittance of GOCNT films at 550 nm versus the volume of stock 
dispersion used in vacuum filtration. (b) Sheet resistance of GOCNT films with different 
transmittance before and after AuCl3 doping. (c) Absorbance versus wavelength for the 
original and AuCl3 doped GOCNT films. (d) FOM of hybrid films with different 
transmittance before and after doping. 

The ideal transparent window electrode of photovoltaics should have both high transmittance 

and low sheet resistance. High transmittance enables more photons to reach and be absorbed 

by Si surface while low sheet resistance indicates the formation of highly conductive network 

which can efficiently transport the separated charge carriers. Therefore, both the T and Rsheet 

have a great influence on the final efficiency of the devices, but normally improving one 

parameter sacrifices the other.2 As described in section 1.2.2.1, figure of merit (FOM) is widely 

used to characterise and compare the optoelectronic properties of transparent conducting 
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electrodes with different T and Rsheet. Generally, lower FOM value infers worse optoelectronic 

properties.  

As shown in Figure 5.4 (d), the FOM values are calculated for the GOCNT films correlated to T 

at 550 nm before and after doping. Since the sheet resistance decreased while the 

transmittance was maintained at a stable level after the AuCl3 treatment, FOM values 

(optoelectronic properties) were improved, which is consistent with the results in the 

literature.36 GOCNT films with low T have a higher FOM than that of films with high T. The 

FOM values of the hybrid films range from 2 to 5, and it is much lower than that of a rigid 

transparent conducting glass, such as indium tin oxide coated glass (commonly about 150).37 

The potential reasons for the low FOM values include the limited length of the CNTs (about 1 

µm) and the limited number of junctions in the thin films. However, the FOM values are similar 

to the best CNT films applied in CNT/Si heterojunction devices.38 The general trend is that 

FOM decreases with the increases in T because of the dramatically increasing Rsheet with the 

increase of T. Although thicker films (with higher FOM (lower T)) have better optoelectronic 

properties, it does not mean that they are appropriate for the solar cell application as the 

window electrode because high output of photocurrent is always linked to high T. Therefore, in 

this Chapter, in order to decrease the internal series resistance of solar cells resulting from the 

relatively poor FOM, a grid design of front metal electrode is applied over the entire active 

region of the devices.39 

SEM images of pure CNT, pure GO and GOCNT are shown in Figure 5.5 (a), (b) and (c). The 

produced GOCNT hybrid film closely resembles that of pure CNT with only a few GO sheets 

observed. This finding agrees with the sheet resistance and Raman measurements in that the 

properties of the hybrid film are much closer to that of a pure CNT film than a pure GO film. 

However, even though the content of GO is low, GO sheets play an important role in creating a 

stable dispersion by wrapping around the CNTs as well as enhancing the mechanical 

properties of the film during organic-aqueous transfer. 
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Figure 5.5 SEM images of (a) pure CNTs, (b) pure GO and (c) GOCNT. 

5.4.2 Testing of the initial solar cell 

Firstly, the role of GOCNT window electrode in the photovoltaics was studied with the 

comparison of the performance of two various types of solar cells before chemical doping (so 

as to exclude the dopant effect on the performance), including spiro-OMeTAD/Si and 

GOCNT/spiro-OMeTAD/Si. The light and dark J–V curves of these solar cells are shown in 

Figure 5.6 and the details are summarised in Table 5.1. By comparing the performance of 

these two types of devices, spiro-OMeTAD/Si has a much poorer performance (PCE = 0.05 ± 

0.02%) because of the very low short circuit current density (JSC), open circuit voltage (VOC) 

and fill factor (FF). In terms of the diode properties, it also has poor performance with ideality, 

Jsat and ɸB of 3.67 ± 0.49, 3.15 × 10-1 ± 1.26 × 10-1 mA cm-2, and 0.61 ± 0.07 eV, which 

suggests that the lower efficiency might be due to the severe recombination of charge carriers 

after separation and it is related to the high Rsheet of organic layer of spiro-OMeTAD (above 106 

Ω sq-1). With the addition of GOCNT hybrid electrodes (GOCNT/spiro-OMeTAD/Si), the 

efficiency (9.49 ± 0.29%, which is approaching to the best SWCNT/Si solar cell before any 

post treatment, 12.4%)40 has been improved dramatically, with JSC, VOC, and FF increasing to 

26.15 ± 0.26 mA cm-2, 0.550 ± 0.017 V, and 0.66 ± 0.02. The improvement in the diode 

properties (with ideality, Jsat and ɸB of 1.19 ± 0.06, 1.99 × 10-6 ± 1.7 × 10-6 mA cm-2, and 0.91 ± 

0.01 eV) might be the reason for the performance enhancement. It indicates that the 

recombination is suppressed due to a much lower Rsheet (below 500 Ω sq-1) which can collect 

and transport the separated charge carriers to the metal electrode rapidly by GOCNT hybrid 

films. 
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Figure 5.6 Performance of the spiro-OMeTAD/Si, GOCNT/Si and GOCNT/spiro-
OMeTAD/Si devices under (a) light and (b) dark conditions before AuCl3 doping. 

Secondly, the function of the spiro-OMeTAD interlayer is further explored by comparing the 

performance of GOCNT/Si and GOCNT/spiro-OMeTAD/Si solar cells before doping to exclude 

the influence of the dopant. As shown in Figure 5.6 (a), (b) and Table 5.1, the performance of 

GOCNT/Si device (6.80 ± 0.27%) is improved with the addition of the organic interlayer to form 

GOCNT/spiro-OMeTAD/Si structure (9.49 ± 0.29%). The improvement with the interlayer is 

mainly due to the increased FF from 0.58 ± 0.03 to 0.66 ± 0.02, slight increase in JSC from 

23.02 ± 0.24 to 26.15 ± 0.26 mA cm-2 and increased VOC from 0.511 ± 0.006 to 0.550 ± 0.017 

V. At the same time, better diode properties were observed with a lower ideality and Jsat. In 

addition, ɸB of the GOCNT/Si device is about 0.1 eV lower than that of GOCNT/spiro-

OMeTAD/Si solar cell and lower ɸB value normally indicates more serious recombination 

events, which is in line with the increase in FF as well as VOC after the addition of interlayer. As 

described earlier, the GOCNT/Si interface is not an ideal Schottky junction and thus the 

calculated ɸB values are based on the assumption of a much simpler interface. Nevertheless, 

an increase in ɸB was also observed in previous reports where an organic interlayer was added 

in graphene/Si solar devices with the improvements in VOC and FF at the same time.28 Overall, 

the increased FF and VOC, as well as the improved diode properties infer that the interlayer 

may behave as an HTL and electron blocking layer (EBL) at the same time. 

Table 5.1 The performance details of light and dark J–V curves of the spiro-OMeTAD/Si, 
GOCNT/Si and GOCNT/spiro-OMeTAD/Si devices before and after the p-type doping of 
AuCl3. The thickness of spiro-OMeTAD layers in the devices in this table is 90 nm and 
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the T of GOCNT films to be 77% before AuCl3 and. The errors are calculated by the 
standard deviation of 3 devices of each type. 

 spiro-OMeTAD/Si GOCNT/Si GOCNT/spiro-
OMeTAD/Si 

 Original AuCl3 Original AuCl3 Original AuCl3 
Efficiency 

(%) 
0.05 

± 0.02 
0.06 

± 0.02 
6.80 

± 0.27 
4.73 

± 0.33 
9.49 

± 0.29 
10.59 
± 0.27 

JSC 

(mA cm-2) 
1.32 

± 0.14 
1.29 

± 0.16 
23.02 
± 0.24 

24.77 
± 0.13 

26.15 
± 0.26 

25.22 
± 0.18 

VOC 
(V) 

0.392 
± 0.002 

0.392 
± 0.002 

0.511 
± 0.006 

0.424 
± 0.007 

0.550 
± 0.017 

0.576 
± 0.003 

FF 0.10 
± 0.01 

0.11 
± 0.01 

0.58 
± 0.03 

0.45 
± 0.03 

0.66 
± 0.02 

0.73 
± 0.01 

Rshunt 

(Ω) 

3.71 × 103 
± 

2.52 × 103 

6.41 × 103 
± 

3.42 × 103 

2.49 × 105 
± 

8.54× 104 

6.52 × 103 
± 

1.54× 103 

1.15 × 104 
± 

1.67× 104 

8.22 × 104 
± 

9.67× 104 
Rseries (Ω) 6390 ± 258 6690 ± 176 72 ± 7 137 ± 12 63 ± 5 44 ± 3 

Ideality 3.67 ± 0.49 3.78 ± 0.57 1.47 ± 0.07 2.55 ± 0.25 1.19 ± 0.06 1.12 ± 0.08 

Jsat 
(mA cm-2) 

3.15 × 10-1 
± 

1.26 × 10-1 

3.02 × 10-1 
± 

2.54 × 10-1 

6.51 × 10-5 
± 

9.30 × 10-6 

4.78 × 10-2 
± 

3.94 × 10-2 

1.99 × 10-6 
± 

1.7 × 10-6 

3.12 × 10-6 
± 

0.7 × 10-6 
ɸB (eV) 0.61 ± 0.07 0.61 ± 0.08 0.82 ± 0.01 0.66 ± 0.05 0.91 ± 0.01 0.90 ± 0.01 

 

5.4.3 AuCl3 doping 

In order to further improve the efficiency of the devices, AuCl3 was used to dope the GOCNT 

electrode by reducing the sheet resistance of the films. The detailed effect of the doping on the 

performance of the solar cells are listed in Table 5.1. AuCl3 doping does not have any dramatic 

change to the performance of spiro-OMeTAD/Si devices, as shown in Table 5.1. After AuCl3 

doping, the efficiency of GOCNT/Si device decreased to 4.73 ± 0.33%, as shown in Figure 5.7 

(a). The decrease in the efficiency seems to be due to the short circuits induced by Au NPs 

which bridges the Si with the front metal contact.41 The short circuits cause a difference in the 

diode properties at the heterojunction (leading to higher ideality and Jsat, as shown in Figure 

5.7 (b)) and the frequency of recombination at the interface is increased, which is in line with 

the drop of VOC and FF. In contrast, with the spiro-OMeTAD applied as the interlayer in 

between GOCNT and Si, the performance of the device (GOCNT/spiro-OMeTAD/Si device) is 

improved after chemical doping to 10.59 ± 0.27%, which is close to the best SWCNT/Si 
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devices after post treatment with no antireflection coating, 13.7%).42 The increased efficiency 

is mainly caused by the reduced Rsheet of GOCNT electrodes. Importantly, in this case, the 

diode properties (ideality and Jsat) stay at a same level (Table 5.1), which suggests that the 

short circuits do not occur since the Au NPs are physically blocked by the organic interlayer. 

Because of the improved efficiency, AuCl3 doping is used in all subsequent experiments and 

the performance is signified by solid lines in J-V light/dark curves and EQE graphs. 

The EQE curves of three different types of devices after AuCl3 doping are shown in Figure 5.7 

(c).  Spiro-OMeTAD/Si devices have the lowest photocurrent output cross the whole 

wavelength range from 300 to 1100 nm, which is consistent with the low JSC observed from the 

J-V curves. The GOCNT/Si devices have a broad contribution of photocurrent from 300 to 

1000 nm while the GOCNT/spiro-OMeTAD/Si devices have lower photocurrent from 300 to 

400 nm, which is due to the absorption of organic interlayer.43 In the EQE curve of 

GOCNT/spiro-OMeTAD/Si devices, there is a bump at about 700 to 900 nm. This is probably 

caused by the absorption of Li-TFSI added in the spiro-OMeTAD interlayer from 400 to 600 

nm.44 The higher EQE values for GOCNT/spiro-OMeTAD/Si devices from 500 to 1000 nm 

could be attributed to the suppressed charge recombination at the heterojunction which leads 

to higher overall efficiencies. 

 

Figure 5.7 (a) J-V light curves of GOCNT/Si and GOCNT/spiro-OMeTAD/Si before and 
after chemical doping. (b) J-V dark curves of the GOCNT/Si device before and after 
AuCl3 doping (c) EQE curves of the spiro-OMeTAD/Si, GOCNT/Si and GOCNT/spiro-
OMeTAD/Si devices after AuCl3 doping (the estimated JSC values from integration of the 
EQE curves for the spiro-OMeTAD/Si, GOCNT/Si and GOCNT/spiro-OMeTAD/Si are 1.49 



189 
 

mA cm-2, 24.74 mA cm-2 and 26.28 mA cm-2). Short dash and solid curves show the 
performance of the devices before and after AuCl3 doping respectively. 

5.4.4 Optimisation of spiro-OMeTAD and GOCNT layer thickness 

In order to investigate the influence of thickness of the spiro-OMeTAD interlayer, different 

volumes (2.5, 10, 20, 30, 40 and 80 µL) of stock solution were applied on top of the Si surface. 

As shown in Figure 5.8, the thicknesses of the organic films are 10, 40, 60, 90, 120, and 240 

nm respectively.  

 

Figure 5.8 AFM height images and corresponding cross sections of spiro-OMeTAD films 
on Si with different stock solution volumes (a) 2.5 μL, (b) 10 μL, (c) 20 μL, (d) 30 μL, (e) 
40 μL and (f) 80 μL. 

GOCNT/spiro-OMeTAD/Si solar cells with different thicknesses of organic interlayer were 

fabricated and the details of the performance after chemical doping are shown in Figure 5.9. 

The J-V light curves of solar cells are shown in Figure 5.9 (a) and the device with an interlayer 
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thickness of 60 nm has the highest efficiency (11.41 ± 0.30%), as shown in Figure 5.9 (b). The 

trend of the efficiency versus thickness is like a volcano shape with the peak at 60 nm. The JSC 

decreases from 26.84 ± 0.12 to 23.3 ± 0.19 mA cm-2 as the organic thickness increases from 

10 to 240 nm, as shown in Figure 5.9 (c), because more light is absorbed by the interlayer with 

thicker interlayer and as a result, less light can be absorbed by the Si. The absorption caused 

by organic layer and Li-TFSI around 500 nm is clearly decreasing with decreasing thickness, 

which leads to higher EQE values at these wavelengths, as shown in Figure 5.9 (d). The VOC 

has a similar volcano trend to that of efficiency, with a peak located at 60 nm (Figure 5.9 (e)). 

In a similar manner, the maximum FF of devices is located at 60 nm interlayer thickness with a 

significant decrease for both thinner and thicker films (Figure 5.9 (f)). This improvement in FF 

is due to the fact that a better heterojunction and suppressed recombination is realised with 

thicker films (except when it is very thick, 240 nm) though more light is absorbed by the 

interlayer. However, when the interlayer is extremely thick (240 nm), the transporting capability 

of the holes from the Si to GOCNT hybrid electrode could be limited. The diode properties of 

devices are evaluated from the J–V dark curves, as shown in Figure 5.9 (g)–(i). Due to the 

relatively large error bars, a clear trend is difficult to observe for all of these solar cells. 

Nevertheless, solar cells with the interlayer thickness of 40, 60 and 90 nm perform very 

similarly and they are better than devices with interlayer thickness of 10, 120 and 240 nm. 

Therefore, when the thickness of the interlayer is 60 nm, it is thick enough to create a good 

heterojunction and physically protect the Si surface and at the same time allows a large 

number of photons to pass through while still being thick enough to effectively pass the charge 

carriers to the GOCNT electrode. Thus, such devices have the best performance. 
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Figure 5.9 The performance of GOCNT/spiro-OMeTAD/Si devices as a function of the 
organic interlayer thickness after chemical doping (a) J-V light curves, (b) efficiency, (c) 
JSC, (d) EQE (the estimated JSC values of the devices with interlayer thickness of 10, 40, 
60, 90, 120, 240 nm are 28.20 mA cm-2, 27.37 mA cm-2, 27.18 mA cm-2, 26.28 mA cm-2, 
25.74 mA cm-2, and 24.40 mA cm-2), (e) VOC, (f) FF, (g) J-V dark curves, (h) ideality and (i) 
Jsat. The performance of devices was tested after chemical doping with the GOCNT 
transmittance of 77 %. 

As described in section 5.4.1, a lower FOM is achieved with higher T which is closely linked to 

high output of photocurrent and therefore the resulting efficiency. Thus, in this Chapter, with 

the optimised thickness of spiro-OMeTAD fixed at 60 nm, GOCNT films with different T (56%, 

65% and 76% and 83%) were then applied to prepare GOCNT/spiro-OMeTAD/Si solar cells to 
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study the impact on the solar cell performance. The details of the performance are shown in 

Figure 5.10. As shown in Fig. 5.10(a) and (b), the solar cell efficiency increases with the 

increase of GOCNT transmittance from 8.52 ± 0.56% to 12.83 ± 0.22%. Noticeably, with the 

increase in the transmittance of GOCNT, there is a dramatic improvement in JSC from 19.97 ± 

0.16 mA cm-2 to 28.1 ± 0.21 mA cm-2 while both VOC and FF are stable at about 0.575 V and 

0.75. The diode properties of the GOCNT/spiro-OMeTAD/Si with GOCNT films of different 

transmittance are similar, with ideality, Jsat and ɸB stabilised around 1.2, 10-6 mA cm-2 and 0.92 

eV, as shown in Figure 5.10 (c). 

 

Figure 5.10 (a) Efficiency, J–V light (b) and (c) dark curves of the GOCNT/spiro-
OMeTAD/Si devices after chemical doping with various T of GOCNT. The thickness of 
the organic interlayer in these devices is fixed at 60 nm. 

Combining all the results with the transmittance of GOCNT electrodes, the transmittance of 

window electrode does not have a significant influence on the heterojunction properties (with 

relatively constant FF and VOC) but dramatically impacts the number of photons passing 

through the electrode and therefore the number of excitons produced at the heterojunction 

which is related to JSC. This result shows that the best performing solar cell is fabricated with 

thin GOCNT films and this is different from most other reported results which generally show 

an optimised transmittance between 50 and 70%.15,45 This finding highlights the necessity for 

the creation of a conformal heterojunction across the interface (which is difficult to realise with 

thin and sparse CNT films) in these heterojunction devices. This is an ideal case where the 

quantity of potentially expensive CNT is minimised. Unfortunately, in this study, the 

transmittance of GOCNT hybrid films is limited by the transfer method, in which films with T 
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above 90% at 550 nm could not be prepared to fabricate solar devices. However, it is expected 

that devices with GOCNT films of about 90% transmittance would exhibit even better 

performance following previous work increasing CNT film T in devices.39 

5.4.5 The stability of Photovoltaics 

Finally, the device stability over 2 weeks was investigated, as shown in Figure 5.11. Generally, 

the performance of CNT/Si heterojunction solar cells degrades within several days because of 

both the formation of a thick (>2 nm) SiO2 layer at the heterojunction which limits the transport 

of charge carrier and the unstable doping effect on the CNTs which reduce film conductivity.46-

48 In order to only observe the degradation from the SiO2 formed at the interface, the change of 

efficiency of GOCNT/Si was compared with that of GOCNT/sprio-OMeTAD/Si (red circles and 

blue open triangles in Figure 5.11 (a)). The performance of the device without the conformal 

spiro-OMeTAD interlayer decreases by about 30% within 14 days while the device with the 

organic interlayer only decreases by about 10 %. This suggests that the organic interlayer 

limits the growth of unwanted SiO2 at the heterojunction.49 

In order to investigate the stability of chemical doping, the performance degradation of 

GO/spiro-OMeTAD/Si with and without doping are compared, as shown by the blue series in 

Figure 5.11, and it is obvious that efficiency decreases more over two weeks when chemical 

dopant is employed. In several previous reports, similar behaviour of the performance 

degradation was observed with few layer graphene doped with AuCl3.50-52 Because of the 

difference in the surface energy between the Au nanoparticles and the graphitic structure, the 

Au nanoparticles tend to form aggregates. In addition, if some of the doping effect is due to Cl- 

bonded on the surface, these reactive groups are likely to be removed from the surface due to 

the reaction with air. The reduction in solar cell performance with doping is closely related to 

the decrease in film FOM (Figure 5.11 (b)), which infers that there is a strong correlation 

between GOCNT film conductivity and photovoltaic performance. Besides the changes to the 

GOCNT film and Si interface, the other potential reason is the degradation of the conductivity 

of the organic interlayer as the accumulation of Li-TFSI occurs.53 Overall, the GOCNT/spiro-

OMeTAD/Si device before the chemical doping (hollow blue triangles) has the best stability in 

efficiency over 15 days, which is comparable to the most stable CNT/Si heterojunction devices 

with the application of polymeric encapsulating coatings.17 
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Figure 5.11 Degradation of the solar cell performance: (a) efficiency and (b) FOM of the 
GOCNT hybrid films. The properties of the devices or hybrid films before and after 
chemical doping are characterised by the hollow and solid data points. 

 

5.5 Conclusions 

GOCNT/spiro-OMeTAD/Si solar cells have been fabricated by the application of organic 

material spiro-OMeTAD between GOCNT and Si layers. AuCl3 was an effective p-type dopant 

and can improve the FOM of the GOCNT TCFs. With the optimal thickness of spiro-OMeTAD 

and transmittance of GOCNT film, solar cells with efficiency of 12.83 ± 0.22% have been 

fabricated. The organic interlayer plays several important roles in the heterojunction solar cells. 

It can not only act as an HTL to enhance the properties of heterojunction by supressing 

recombination of charge carriers, but also behaves as a protective coating which physically 

limits short circuits due to Au nanoparticles as well as preventing atmospheric interaction with 

the Si substrate to limit SiO2 growth. 
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6.1 Overview 

Hybrids of graphene oxide and single-wall carbon nanotubes (GOCNT) have been applied to 

fabricate solar cells with silicon (Si) because of their compatibility with processing in both 

aqueous and organic conditions. In these photovoltaics, GOCNT films need to be both 

conducting and transparent. The optoelectronic properties of the hybrid electrodes are 

improved by different methods, including hybridisation with silver nanowires (AgNWs) and p-

type doping with CuCl2, AuCl3, SOCl2, HCl, H2SO4, HNO3 and HClO4. The UV-Vis-NIR 

spectrum, Raman spectrum, and sheet resistance of the hybrids were analysed and used to 

evaluate the properties of the treated films. The incorporation of AgNWs was the most effective 

way to improve the optoelectronic properties of the GOCNT hybrids, which resulted in an over 

600 % improvement in the figure of merit (FOM). However, GOCNT/Si heterojunction 

photovoltaic devices with HNO3 doped GOCNT hybrid films had the highest solar photocurrent 

conversion efficiency (11.38 ± 0.26 %). In addition, CuCl2 and HCl doped films have the best 

electrode stability in FOM and solar cells made with such films have the most stable efficiency. 

This report suggests that there is a strong correlation between the electronegativity of the 

active elements in the dopants and the optoelectronic properties of the films as well as the 

solar cell performance. 

6.2 Introduction 

Carbon nanotubes (CNTs) have been regarded as the ideal material for the preparation of 

transparent and conductive thin films,1-7 because of their unique optical and excellent electrical 

properties. However, their compatibility with aqueous processing is limited by the 

hydrophobicity and the strong van der Waals interaction between individual nanotubes.8-11 

Various dispersing agents containing both hydrophobic and hydrophilic moieties, such as 

polymers,12 porphyrins,13 cellulose derivatives,14 surfactants15 and single stranded DNA 

sequences16 are commonly used to solve this issue, but the CNT films prepared from these 

aqueous dispersions usually do not have high figure of merit (FOM).17   

Graphene oxide (GO) has been shown to be able to both disperse CNTs in water and improve 

the compatibility of the as-prepared film in aqueous medium because of its amphiphilic 

nature.18-21 These hybrid films of GO and CNTs (GOCNT) have been applied as transparent 



200 
 

window electrodes and placed on top of silicon to fabricate graphene oxide carbon 

nanotube/silicon heterojunction photovoltaics (GOCNT/Si).22 The working mechanism of 

GOCNT/Si solar cells has been described in section 5.2. 

Generally, solar cells fabricated with as-deposited GOCNT films show mediocre performance 

as a result of the high sheet resistance and low native p-doping. The optoelectronic properties 

for CNT based window electrodes can be improved to satisfy the practical applications by 

chemical doping.23 HCl,24 HNO3,25 H2SO4,26 SOCl2,27 AuCl3,28 and CuCl229 are the most 

frequently used p-type dopants. Both the conductivity of individual CNTs and the contact 

resistance between CNTs play a role in the final sheet resistance (Rsheet) of CNT based films.30 

The shifting of Fermi level caused by the chemical doping can result in an increase in the 

density of charge carriers and the reduction in the Schottky barrier height between metallic and 

semiconducting species. Thus, the optical absorption peaks due to the first and second 

interband transitions in SWCNTs are suppressed to certain degree (as shown in Figure 

1.18).31 Recently, the efficiency of SWCNT/Si devices was improved by nearly two-fold from 

4.31 to 7.89 % with a bilayer structure of AgNWs/SWCNTs as the top window electrode, where 

the major improvement was from the dramatic improvement of the optoelectronic properties 

after the addition of AgNWs top layer and highly conducting paths provided by AgNWs through 

CNT networks.32-33 

In this Chapter, a few commonly used p-type dopants as well as AgNWs are used to enhance 

the optoelectronic properties of the GOCNT based transparent conducting films. As shown in 

Figure 6.1, bath doping could be used due to the previously developed organic-aqueous 

transfer process which makes films available for bath processing.17 This method extends the 

doping period compared to simple drop doping (by dropping the chemicals on the films) and 

eliminates the effect of the chemicals on the metal coated Si substrates. Due to the limited 

dispersity of AgNWs in water, they could not be processed this way and were collected with 

GOCNTs on the filter paper. The treated films were then placed on the n-type Si to form 

GOCNT/Si heterojunction devices. Both the efficiency and the stability of the solar cells were 

measured and compared.  
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Figure 6.1 Schematic of bath doping process. MCE represents the mixed cellulose ester 
membrane and the substrate can be glass or Si coated with metal electrode. The MCE 
dissolves in acetone and GOCNT films are then transferred to a dopant bath to perform 
chemical doping, after which the film is transferred to a second, clean acetone bath 
before being picked up with the substrate.  

 

6.3 Experimental details 

6.3.1 Preparation of stock solutions 

GO was prepared following the improved synthesis based on Hummers’ approach reported by 

Marcano et al. as shown in section 2.1.1.3.34 The final concentration of the GO suspension 

was controlled to be 1 mg mL-1. The GOCNT suspension was fabricated by following the 

procedure described in section 2.2.2.2 with the GO dispersion prepared before.  

AgNWs were synthesised by following the procedures described in section 2.2.1.4.35 The final 

concentration of AgNWs in deionised water is kept at 0.2 mg mL-1. The redox colloidal solution 

was prepared by following the procedures shown in section 2.2.1.5.29 AuCl3 solution was 

prepared by dissolving 118 mg of HAuCl4·3H2O (99.0 %, Sigma-Aldrich) in 30 mL of acetone 

at room temperature with gentle vortex mixing to prepare 10 mM AuCl3 solution. 10 % v/v 

SOCl2 (99.0 %, Sigma-Aldrich) was prepared by diluting pure SOCl2 with benzene. 10 wt % 

HCl (32.0 %, RCI Labscan), 10 wt % HNO3 (70.0 %, RCI Labscan), 10 wt % H2SO4 (98.0 %, 

RCI Labscan) and 10 wt % HClO4 (70.0 %, Merck) were prepared by diluting the acid with 

deionised water. 
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6.3.2 Fabrication and treatment of hybrid films  

The preparation of GOCNT hybrid films follows the procedure in section 2.4.3 with minor 

changes as follows.17 In detail, the free-floating GOCNT films were transferred by a homemade 

Teflon spoon from the acetone bath to one of the dopant baths, including CuCl2, AuCl3, SOCl2, 

HCl, HNO3, H2SO4 and HClO4. The doping period was 30 min and then the films were 

transferred to a fresh acetone bath and ready to be picked up with an as-fabricated Si 

substrate to fabricate solar cells or with a glass. As a control experiment, the hybrid films were 

picked up after the removal of the MCE in acetone bath.  

In terms of the devices based on AgNWs, AgNWs-GOCNT films were prepared by filtering a 

mixture of 150 µL GOCNT suspension and 50 µL AgNWs stock solution diluted to 100 mL with 

deionised water. The reduced amount of GOCNT solution was required to keep the 

transmittance at 550 nm (T) the same as that of the hybrid films with no AgNWs. After the 

MCE is dissolved in the first acetone bath, the AgNWs-GOCNT films were then picked up as 

described before. 

6.3.3 Fabrication and performance measurement of the solar cells  

The fabrication and performance testing of the solar cells are described in sections 2.5.3.1 and 

2.6.2. 

 

6.4 Results and discussion 

6.4.1 Hybridisation/Doping influence on the optoelectronic properties of hybrid films 

In this Chapter, in order to enhance the optoelectronic properties of GOCNT hybrid films and 

apply them to solar cells, the effect of 8 different types of materials either by hybridisation 

(AgNWs) or p-type doping (CuCl2, AuCl3, SOCl2, HCl, H2SO4, HNO3 and HClO4) were studied. 

The working mechanisms of dopants and AgNWs are summarised and listed in Table 6.1.   

Table 6.1 Working mechanisms of different materials (by either incorporation or p-type 
doping) to enhance the optoelectronic properties of the hybrid films. The sum of the 
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electronegativity of the active elements (bold) in these materials are calculated based 
on the Pauling scale.36 

Materials 
(sum of 

electronegativity) 
Working mechanisms 

AgNWs (1.93) 
The incorporated AgNWs act as the additional charge transport paths to 

bridge the less conductive GOCNT network which is considered as a 
mechanical support.32 

CuCl2 (8.22) 
Instant electron transfer from CNTs to Cu2+ in CuCl2 which is reduced to 

Cu1+ with the less active Cu2+ in Cu(OH)2 providing long-term charge 
transfer effect on the CNTs.29 Furthermore, it is also possible that CNT-
Cl is formed by the doping where Cl withdraws electrons from CNTs.28 

AuCl3 (12.02) 

The doping mechanism is not completely clear. Some reports suggest 
the reduction of cationic Au3+ to Au nanoparticles results in the p-type 

doping while others attribute the doping to the creation of CNT-Cl where 
electron transfer from CNT to Cl happens.28 

SOCl2 (6.32) 
The doping effect is due to the decomposition of the molecules, 2SOCl2 
+ 4e- → S + SO2 + 4 Cl-, which withdraws electrons from CNTs27 caused 

by adsorption of SO2 and possible formation of CNT-Cl. 

H2SO4 (16.54) 

The intercalated SO3-/SO42- withdraws electrons from CNT and causes 
the shifting of Fermi level with the formation of more holes in the valence 

band. Furthermore, it could also remove some dispersants and thus 
results in the reduction in the contact resistance between CNTs.37 

HNO3 (13.46) 

Electrons are transferred from the surface of CNTs to the absorbed 
molecules with NO3- groups which shifts the Fermi level to the valence 
band. A better contact is also formed by the removal of impurities, such 

as metal catalysts and amorphous carbon.37-38 

HCl (3.44) The mechanism is similar to that of HNO3 and H2SO4 by intercalation. 
The doping is able to shift the Fermi level into the valence band.37 

HClO4 (16.92) ClO4- groups might withdraw electrons from the surface of CNTs and 
result in the downshift of Fermi level of CNTs into their valence band. 

 

XPS analysis (Figure 6.2) shows that the GOCNT C 1s spectrum is very similar to that of the 

CNT starting material (peak is centred at 284.4 eV) meaning that the amount of GO in the film 

is small.  GO would be easily observed with another strong C1s peak centred at 287.5 – 280 

eV from the contribution of C-OH, C=O and O=C-OH.39 The limited amount of GO in the films 

suggested that the influence of the p-type doping must be mainly on CNTs rather than GO. 
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Figure 6.2 Fitting of C 1s peak for (b) pure CNT and (c) GOCNT hybrid films. 

Optoelectronic properties (UV-Vis-NIR absorbance and sheet resistance) of the prepared and 

modified GOCNT films on microscope slides were studied. As shown in Figure 6.3 (a), the 

absorbance at 550 nm of all the GOCNT films are very close and therefore the visible 

transmittance of these films can be regarded as the same (80 %). Additionally, the untreated 

film has two broad optical absorption peaks at about 1945 nm (S11) (shown in the inset of 

Figure 6.3 (a)) and 1010 nm (S22), which is consistent with arc discharge SWCNTs with large 

diameters.40 The S11 peak remains and a wide absorption feature above 1000 nm is observed 

for the GOCNT networks incorporated with AgNWs, which implies the existence of AgNWs in 

the hybrid and indicates that AgNW probably is not a p-type dopant for SWCNTs.41 Oppositely, 

both S11 and S22 peaks are suppressed to various degrees after the treatment by p-type 

dopants on GOCNT films (the degree of the S11 and S22 suppression: HNO3 ≈ H2SO4 ≈ SOCl2 

≈ AuCl3 ≈ CuCl2 > HCl, as shown in Figure 6.3 (b)-(d)),42 which results from the shift of Fermi 

level of SWCNT into the valence band and electrons transferred from CNTs to dopants.43  As 

shown in Figure 6.1 (b) and (c), there is a lower population of electrons in the valence band 

after doping, which is responsible for the suppressed S11 peak.  
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Figure 6.3 (a) UV-Vis-NIR spectra of the untreated, AgNWs hybridised, CuCl2, AuCl3, 
SOCl2, HCl, H2SO4, HNO3 and HClO4 doped GOCNT hybrid films. (b) S11, (c) S22 and (d) 
the averaged intensity of S11 and S22 in the UV-Vis-NIR spectra as a function of 
electronegativity for the hybrid films. The trend lines in these figures are used to guide 
the eye. 

Raman spectra provide further support that p-doping occurs, as shown in Figure 6.4. The G/D 

ratio of all the films are very close (about 4), which indicates that both hybridisation of AgNWs 

and p-type doping do not result in structural defects on the SWCNTs.44 The untreated film has 

an evident metallic contribution on the low wavenumber side of the G peak (Breit-Wigner-Fano 

(BWF) peak), which is due to the strong electron-phonon interactions in metallic SWCNTs 

(Figure 6.4 (b)).45-46 After p-type doping, there is a reduction in the metallic contribution in the 

G band (Noticeably, the reduction of BWF intensity is more evident in hybrid films after 

treatment with higher electronegativity species, as shown in Figure 6.4 (b) and (c), with a blue 
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shift of the G peak position to a certain extent. In addition, the position of G band for films 

treated by dopants with active elements of higher electronegativity seems to shift further, as 

shown in Figure 6.4 (b) and (d)), which indicates that CNT stiffening leads to higher phonon 

energies after electron transfer from SWCNTs to dopants.47-48  

However, GOCNT films incorporated with AgNWs behave in a different manner compared to 

the p-typed dopants. These films have a broader BWF peak and a red shift in the G band 

position is observed with a similar BWF intensity as that of the untreated film. Thus, AgNWs 

might have a different working mechanism in GOCNT films. 

 

Figure 6.4 (a) Raman spectra of the untreated, AgNWs incorporated, CuCl2, AuCl3, 
SOCl2, HCl, H2SO4, HNO3 and HClO4 doped hybrid films. (b) An expanded view of Raman 
G band from 1500 to 1700 cm-1. (c) BWF peak intensity49-50 of hybrid films. (d) G band 
position versus electronegativity after being treated with different materials. The dashed 
lines in (c) and (d) are added to highlight a trend. 
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The measured Rsheet and calculated FOM as a function of the sum of electronegativity of the 

active species of the materials are used to further study the impact of the hybridisation and p-

type doping on the optoelectronic properties, Figure 6.5. The untreated film has the highest 

Rsheet with the lowest FOM while AgNWs incorporated GOCNT film has the lowest Rsheet (120 

Ω sq-1 (AgNWs-GOCNT hybrids) versus above 350 Ω sq-1 for p-doped GOCNT films) with the 

highest FOM (12 (AgNWs-GOCNT hybrids) versus less than 4 for p-doped GOCNT films), 

which implies that the hybridisation of AgNWs can significantly improve the optoelectronic 

properties of GOCNT hybrid films. Our FOM value for AgNWs hybridised GOCNT films is 

much lower than that of the literature value (above 90). This is likely due to the much higher 

content of AgNWs in the previous report (only 6 wt% SWCNT and the absorption peaks of 

SWCNTs were not observed in the UV-Vis-NIR spectrum for the hybrid at all)51 than that of film 

in this study. It seems that the Rsheet/FOM of the p-type doped GOCNT films 

decreases/increases exponentially with electronegativity. It is not surprising that molecules 

with more and/or higher electronegativity atoms have stronger doping effect on GOCNT films 

since the nature of p-type doping is to withdraw electrons from CNTs to adsorbed dopant 

molecules. A dopant which has not been reported in previous study, HClO4, was used to test 

the validity of this correlation. It is shown that both the Rsheet and FOM of GOCNT films after 

HClO4 doping (electronegativity sum = 16.92) fit well in the correlation found before, as shown 

in Figure 6.5 (the star). Additionally, the bleaching of S11 in the UV-Vis-NIR as well as the 

upshifting of G band in Raman spectrum suggested the p-doping nature of HClO4 treatment 

(Figure 6.3 and Figure 6.4) are observed in line with the predictions.  

 

Figure 6.5 (a) Rsheet and (b) FOM as a function of the electronegativity of the active 
elements. The exponential fits in the figures do not consider the AgNWs-GOCNT data 
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point because the incorporation of AgNWs has a different working mechanism on 
GOCNT films – it does not shift the Fermi level but rather changes the transporting 
ability of the charge carriers though the network). 

Overall, the incorporation of AgNWs into GOCNT network is the best way to improve the 

optoelectronic properties while substances with active elements of higher electronegativity 

values are better p-type dopants than those with lower values. Since the working mechanism 

of AgNWs, the creation of more conductive metallic paths between less conductive GOCNT 

networks, is different from that of p-type dopants, it does not fit the trend line found in this 

Chapter. In addition, we used a measure of electronegativity as opposed to redox potentials 

since in many cases there are more than one doping mechanisms suggested and the sum of 

electronegativity was used to take account of all means of interaction. 

6.4.2 Performance of solar cells 

Figure 6.6 (a) and (b) show the J-V curves of GOCNT/Si solar cells in which GOCNT films are 

treated with AgNWs and different p-type dopants under light and dark conditions with the 

detailed parameters plotted in Figure 6.6 (c)-(l). The solar cell efficiency increases with the 

electronegativity for the samples with p-type doped GOCNT films, as shown in Figure 6.6 (c). It 

is worth mentioning that the devices with GOCNT films of the best optoelectronic properties 

(AgNWs-GOCNT) do not have the best efficiency.  For further details, all of these devices have 

short circuit current density (JSC) that are very similar (the averaged values for each type are 

within the range from 26 to 27 mA cm-2), which is further supported by the fact that both the 

shape and the signal intensity in EQE curves are similar, as shown in Figure 6.6 (d) and (e). In 

addition, both open circuit voltage (VOC) and fill factor (FF) increase with the electronegativity 

(Figure 6.6 (f) and (g)). Thus, the trend in the solar cell efficiency is probably from the 

combination effect of VOC and FF. The reason for the inconsistency in the VOC of AgNWs and 

AuCl3 treated devices (relatively larger error bars compared to those of other devices) is the 

non-ideal short circuits resulting from the metal nanowires/nanoparticles which bridges the 

front metal electrode (Au/Cr) with the Si layer, and it has been observed previously in other 

reports (see section 5.4.2).17,32 Shunt resistance (Rshunt) of the devices increases with the 

electronegativity and series resistance (Rseries) has a decreasing correlation with the 

electronegativity, as shown in Figure 6.6 (h) and (i).  
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Figure 6.6 Performance of the devices based on GOCNT films treated with different 
materials (a) J-V light curves, (b) J-V dark curves, (c) Efficiency, (d) JSC, (e) EQE, (f) VOC, 
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(g) FF, (h) Rshunt, (i) Rseries, (j) Ideality, (k) Jsat and (l) ɸB. The blue trend lines in (c), (d), (f)-
(l) are used to guide the eye. 

In terms of the diode properties, because of the relatively large error bars, there is no clear 

trend in ideality, Jsat and ɸB (Figure 6.6 (j) - (l)). However, devices with untreated GOCNT films 

generally have poorest diode performance (the highest ideality and Jsat and the lowest ɸB) 

while devices with p-doped films by dopants with a high total electronegativity, such as HNO3 

and H2SO4, have excellent diode properties (with ideality approaching to 1 and increasing ɸB).  

Solar cells with HClO4 treated GOCNT films were fabricated to test the validity of the 

correlation between the efficiency and the sum of the active element electronegativity in the 

dopants, and the results (the star) seem to fit well in Figure 6.6 (c). Furthermore, most of the 

other parameters of the HClO4 treated devices, including JSC, VOC, FF, Rshunt, Rseries, ideality, 

Jsat, and ɸB, fit the general trends created by other dopants, as shown in Figure 6.6. The 

improvement in VOC, FF, ideality and ɸB infers that a better junction has been created between 

Si and GOCNT film after different treatments with the enhanced optoelectronic properties as 

well as the creation of a better contact. 

Overall, dopants with higher electronegativity values for the active elements enable the solar 

cells to have better efficiency (HNO3 treated devices have the highest efficiency among them, 

11.38 ± 0.26 %) as well as the better diode properties while the films with the best 

optoelectronic properties (AgNWs-GOCNT) result in the devices with efficiency just higher than 

the control devices (8.14 ± 0.27 % versus 7.11 ± 0.35 %). This implies that the optoelectronic 

properties of the transparent conducting window electrodes is not the only determining factor in 

the solar cell performance. Because the charge transport through the GOCNT network was 

dramatically enhanced by the incorporation of AgNWs while the improvement in the FOM from 

p-type dopants is largely from an increased density of free charge carriers,47 it is then 

suggested that the density of free charge carriers plays a more important role in the solar cell 

performance. Additionally, the role of the GOCNT networks is far more than a window 

electrode to transport the separated holes, and it contributes to the electron-hole pair 

separation by creating a p-n or Schottky junction between Si. 
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6.4.3 Stability of the treatment and the device performance  

Since the instability of chemical doping is one of the main issues in industrial application, 

normalised FOM and solar cell efficiency as a function of time were studied, as shown in 

Figure 6.7. As shown in Figure 6.7 (a), the untreated films have the most stable optoelectronic 

properties over 10 days while GOCNT films treated with AgNWs, HNO3 and AuCl3 are the 

most unstable samples (retaining about 70 % of the original value after 10 days). The main 

reason of FOM degradation for AgNWs hybridised GOCNT is the oxidation of the metal 

nanowire,52 while the serious desorption of physisorbed NO2 and HNO3 molecules38 and the 

aggregation of Au nanoparticles53 as well as the desorption of Cl- reacting with air are the 

potential reasons for the FOM degradation of GOCNT films treated with HNO3  and AuCl3.28 

The stability of SOCl2 doping is slightly better than the aforementioned three but worse than 

that of CuCl2. The better stability of CuCl2 treated GOCNT films is caused by the fact that Cu2+ 

hydroxide in the redox dopant can persistently withdraw electrons from CNTs over the long 

term.29 HCl is a very stable dopant as well, but it is the least effective doping approach on 

GOCNT. GOCNT films doped with H2SO4 are quite stable for the first 5 days and then degrade 

rapidly, which is due to desorption of HSO4- and H2SO4 molecules consistent with previous 

studies.37 

The solar cell performance degradation is shown in Figure 6.7 (b) and the normalised 

efficiency divided by FOM is plotted in Figure 6.7 (c) in order to study the influence of the 

electrode degradation on the solar cell performance. In a typical GOCNT/Si device, there are 

two main degradation mechanisms, namely, the degradation of the optoelectronic properties of 

GOCNT films and the growth of the insulating oxide layers (SiOx) between Si and GOCNT 

electrode. The untreated devices have an efficiency of about 75 % of their original state after 

10 days (this is close to previous reports),17 which is solely caused by the growth of oxide layer. 

Solar cells with GOCNT films doped with the three most stable dopants (CuCl2, SOCl2 and HCl) 

show a similar stability as that of the control devices, but when the least stable four dopants 

(AgNW, HNO3, AuCl3 and HClO4) are used, the devices degrade to about 65 % efficiency of 

their original state, which suggests that the main reason for the degradation may be due to the 

SiO2 growth rather than the degradation of the window electrode optoelectronic properties. 

This is further supported by the fact that the treated devices have slightly higher values of the 
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normalised efficiency divided by FOM (about 0.8) than that of the untreated devices (about 

0.75) after 10 days with the exception of H2SO4 treated solar cells, as shown in Figure 6.7 (c). 

H2SO4 doped solar cells degrade to about 35 % efficiency of its starting point within 5 days but 

the doping is very stable for the first 5 days. Furthermore, such devices have a much lower 

value of the normalised efficiency divided by FOM than that of untreated samples. Both results 

suggest that the oxidation rate of the Si might be faster for the devices with the H2SO4 treated 

electrodes because of the presence of oxidising species (HSO4- and H2SO4). 

 

Figure 6.7 Degradation of (a) FOM, (b) solar cell efficiency and (c) normalised efficiency 
divided by FOM (when the value stays at 1 with increasing time, it indicates that the 
FOM degradation is the only reason of the performance degradation of the solar cells. 
Lower values means more serious oxidation effect on the performance degradation). 
The trend lines in the figures are used to guide the eye.  

Various doping approaches have been widely studied and applied to CNT based transparent 

conducting films to enhance the optoelectronic properties. As shown in this Chapter, the FOM 

of GOCNT electrodes are improved by different dopants and the fabricated devices have 

improved performance compared to that of the control samples.  The bath doping processing 

shows excellent compatibility in the terms of dopants, doping periods and the limited adverse 

effect on the substrates. Based on the results in this Chapter, atoms of high electronegativity 

are required for an ideal dopant. However, the instability of the doping and the devices is still a 

concern which must be addressed before any practical application. 
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6.5 Conclusions 

The optoelectronic properties of GOCNT films were enhanced by different approaches, 

including incorporation of AgNWs, and p-type dopants (CuCl2, AuCl3, SOCl2, HCl, H2SO4, 

HNO3, and HClO4). These films were used as the window electrodes in GOCNT/Si 

heterojunction devices to study both the performance and stability. Among these various 

materials, AgNWs are the most effective to improve the FOM while p-type dopants with a high 

electronegativity of the active atoms, such as HNO3, H2SO4 and HClO4, improve the solar cell 

efficiency significantly and the best performance is recorded for HNO3 doping (11.38 ± 0.26 % 

vs. 7.11 ± 0.35 % before doping). In addition, CuCl2 and HCl have the most stable chemical 

doping approach and the fabricated devices show the best stability over 10 days. 
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7.1 Overview 

Antireflection layers in photovoltaics are commonly used to enhance light absorption and thus 

improve the photocurrent. In this Chapter, pyramid structures are formed on Si surfaces via a 

traditional alkaline solution based reaction. The coverage of the pyramids on the surface was 

dependent on the reaction time so that the reflectance of the surface decreases with the 

reaction time. Heterojunction solar cells based on p-type GOCNT and n-type Si were 

fabricated via a floating transfer approach. The highest efficiency of the solar cell was over 13 

%, in which Si substrates with the highest coverage of pyramids (99.9 %) were applied. It is 

determined that the improved performance is a combined effect of decreased reflectance and 

increased effective heterojunction area per unit illumination area. 

 

7.2 Introduction 

The record efficiency of the crystalline silicon based photovoltaics has been improved to above 

25 %1-3 by several groups with different designs, such as top/rear contacted heterojunctions,4 

top/rear contacted device using front homojunction emitter and rear contact with thin oxide 

passivation,5 interdigitated back contact,6  and heterojunction interdigitated back contact.7 The 

best solar cell has the efficiency of 26.6 %, confirmed by Fraunhofer Institute for Solar Energy 

System Callab independently, in which a heterojunction interdigitated back contact design was 

used.8-9  

Different approaches of surface texturing,10-13 including tiler’s pattern,14 perpendicular 

grooves,15 honeycomb texture,16 and prism pyramidal structures,17 were applied to enhance 

the light trapping in most of these studies targeting the high efficiency solar cells.18 Among 

them, random pyramidal texturing via a mixture of an alkaline (for example, NaOH and KOH) 

and isopropyl alcohol (IPA) is the most mature technique used in the industrial fabrication of Si 

based solar cells.19-20 In detail, alkaline is important in forming upright pyramidal structures and 

IPA is used to improve the surface wettability and the uniformity of the reaction across the Si 

surface by controllably nucleating the texturing process.21 Some additives, including potassium 

silicate, has been shown recently to improve the throughput.22  
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In the last a few years, carbon nanomaterials, such as carbon nanotubes (CNTs),23-28 

graphene29-35 and graphene oxide (GO),36-37 have been applied to create heterojunction solar 

cells with Si and thus reduce the fabrication cost as well as the consumption of the 

semiconductors. Such a device is created by n-type Si with a GOCNT hybrid film (GOCNT/Si), 

whose working mechanism has been explained in section 5.1.  

Different antireflection layers, such as polymethylmethacrylate,38  polydimethylsiloxane,39 and 

TiO240 have been used to reduce the reflection of Si and thus improve the photocurrent output. 

However, planar Si were used in these reports. The optical reflection could be reduced by the 

“double-bounce” effect with a textured Si surface, and in addition, the surface area at the 

interface (compared to planar Si) might increase at the same time, as shown in Figure 7.1. 

In this Chapter, randomly distributed pyramids are formed on Si via anisotropically etching a 

planar Si surface by a mixed solution of NaOH and IPA. A previously developed floating 

transfer process is used to fabricate GOCNT/Si solar cells, where transparent conducting films 

of GOCNT hybrids are placed on the pyramid-textured Si surface, as shown in Figure 7.1.36 

The impact of the reaction time of etching on both the surface reflection and the coverage of 

pyramid across the Si surface as well as on the solar cell performance has been studied.  

 

Figure 7.1 Schemes of GOCNT/Si heterojunction with planar and pyramidal Si surface. 
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7.3 Experimental details 

The preparation of Si etching and GOCNT stock solution are described in sections 2.2.1.6 and 

2.2.2.2. The preparation of GOCNT films and their characterisation are described in sections 

2.4.3 and 2.6.2. The fabrication, chemical doping and measurement of the device performance 

are described in sections 2.5.3.1, 2.5.3.2 and 2.6.2. 

 

7.4 Results and discussion 

7.4.1 Creation of pyramid structure on Si surface 

In this Chapter, conventional alkaline based chemical wet etching was applied to create the 

micro-structures on the planar Si surfaces, where the etch rate of the {1 0 0} and {1 1 0} facets 

is much higher than that of {1 1 1} surface. As a result, pyramid structures on the {1 1 0} facet 

are created due to such strong dependence of etching rates.41 In order to explore the impact of 

the reaction time on the pyramid coverage on the Si surface, the etching duration was 

controlled to be 5, 15, 25, 35 and 45 min and the top-view SEM images of the etched surfaces 

are shown in Figure 7.2 (a) - (e). As shown in Figure 7.2 (a), for 5 min the base size of the 

pyramid structures is below 3 µm on a side and the surface coverage is below 5 %. As the 

reaction duration extends from 5 to 25 min, the side of the largest pyramid increases to about 

20 µm and the surface coverage is up to above 80 %. However, the pyramid size is not 

homogeneous across the entire Si surface, as shown in Figure 7.2 (b) and (c). After 25 min, 

the number of large pyramids increases with the largest size remaining at about 20 µm on a 

side while the surface coverage increases to nearly 100 % after 45 min (Figure 7.2 (d) and 

(e)). This is consistent with the previous literature which shows the distribution of the pyramids 

becomes more uniform with increasing reaction time.42-43 Importantly, the actual surface area 

increases with the reaction time when a larger number of pyramids are created on a planar 

surface. Furthermore, if it is assumed that all pyramids have the exact same base angle, the 

increase in the surface area solely depends on the surface coverage but not the pyramid 

size.44-46 Therefore, the surface area of the Si will approach the maximum possible after 45 

min. 
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Figure 7.2 SEM images of Si surface with pyramid structure for different reaction time: 
(a) 5 min, (b) 15 min, (c) 25 min, (d) 35 min and (e) 45 min. (f) Surface coverage of 
pyramid structure as a correlation of the etching time. All these images are top views 
with the same magnification. In each plot (from (a) to (e)), the top image is the original 
SEM image while the bottom one is used to estimate the coverage of the pyramid 
structures after different reaction times by comparing the percentage of the pixels from 
the pyramids to the total pixels in the SEM images using manual thresholding from 
imageJ software (NIH). 

The Si surface reflectance spectra with various coverages are shown in Figure 7.3. It is 

consistent that the overall reflectance of the surface reduces through the visible and near 

infrared range (from 300 to 1100 nm) as the surface coverage increases.42 However, the 

surface reflectance at near full coverage (99.9 %) is higher in previous study (18 % versus 13 

% as the lowest reflectance),42,45 which might be caused by the inhomogeneity of the pyramid 

size and it results in a more serious light scattering in the previous report.  

 

Figure 7.3 (a) Si surface reflectance as a function of wavelength with different pyramid 
coverage. (b) Reflectance of silicon surface at 550 nm as a function of the surface 
coverage of pyramids. 

7.4.2 Characterisation of hybrid films and its deposition on surface  

In order to estimate the optoelectronic properties, namely the transparency and the sheet 

resistance of GOCNT films acting as the window electrodes for the solar cells, a UV-Vis-NIR 

spectrometer and the four point probe were used to study these properties with the results 

shown in Figure 7.4, and listed in Table 7.1. The optical transmittance (calculated from the 
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absorbance at 550 nm) of both films is about 80 %. After SOCl2 chemical doping, the S11 peak 

was completely bleached with a suppressed S22 peak because the Fermi level shifts into the 

valence band.47 As a result, as shown in Table 7.1, the Rsheet reduced from 800 to about 500 

Ω sq-1 and the FOM was improved from 1.9 to 2.9 (higher FOM values commonly indicate 

better optoelectronic properties).48 

 

Figure 7.4 UV-Vis-NIR spectra of the GOCNT films before and after chemical doping by 
SOCl2. 

Table 7.1 Sheet resistance and figure of merit of the GOCNT films before and after 
chemical doping by SOCl2. 

 Rsheet (Ω sq-1) FOM 
As-prepared 813 ± 6 1.87 ± 0.01 
SOCl2-doped 523 ± 2 2.88 ± 0.01 

 

The most obvious concern using a textured Si surface in a GOCNT/Si heterojunction solar cell 

is that the hybrid film will not conform to the roughened surface. In this Chapter, a previously 

developed floating transfer method is used to form the GOCNT/Si heterojunction to create an 

intimate contact between the GOCNT electrode and the textured Si to realise efficient 

separation of electron-hole pairs, as shown in Figure 7.5 (a) and (b). The floating transfer 

approach has many benefits when compared to other liquid processing methods (including 

spray coating,49 spin coating,50-51  Mayer rod coating52 and electrophoretic deposition53): (a) 

room temperature processing, (b) compatibility with almost any substrate, (c) compatibility with 

surfaces with complex structures, (d) compatibility with most liquid film doping processes, (e) 
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ability to prepare hole-free films of large sizes. However, it is not appropriate in the preparation 

of ultrathin films (T > 90 %) because of the dramatically decreased mechanical properties of 

the networks for thin films. The floating transfer should be ideal to create an intimate contact 

between the transparent hybrid films and the textured Si surface when the transparency is 

below 85 %. While most of the pyramids are covered and interconnected by the GOCNT film, 

there are still some defects where the GOCNT film is broken at joints between two 

neighbouring pyramids, as highlighted in the red dashed circles in Figure 7.5 (c) and (d).  

 

 

Figure 7.5 Side view SEM images of (a) bare Si pyramids. (b), (c) and (d) GOCNT films 
coated textured Si surface. 

7.4.3 Solar cell performance  
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After it was confirmed that the surface texture decreases the reflection and hybrid electrodes 

can form a conformal contact with the roughened surface, GOCNT/Si heterojunction solar cells 

were fabricated by depositing GOCNT films on the textured Si surface. The current density 

versus voltage (J-V curves) of the solar cells with different coverages of pyramids are plotted in 

Figure 7.6 (a). The solar cell efficiency increases from 10.18 ± 0.33 % to 13.01 ± 0.32 % with 

the pyramid coverage increasing from 0 to 99.9 %, as shown in Figure 7.6 (b). The major 

reason of such improvement is the dramatically increased short circuit current density (JSC) 

from 26.15 ± 0.22 to 33.75 ± 0.26 mA cm-2 with the increase in pyramid coverage while there 

is no obvious change in the open circuit voltage (VOC) and fill factor (FF), as shown in Figure 

7.6 (c), (e) and (f). The increase in JSC indicates that there is an increase in the number of 

charge carriers produced by the devices, and it is further supported by the external quantum 

efficiency (EQE) curves shown in Figure 7.6 (d) (higher surface coverage corresponds to 

higher values of EQE over the full wavelength range). The increased Jsc was caused by the 

reduced surface reflection as well the increase in the interface area. The decrease in the 

reflection resulted in an increased number of photons absorbed by Si and thus more excitons 

are created. The improvement in the interface area has a dual benefit. It can absorb a higher 

number of photons and again produce more excitons while the larger interfacial area also 

results in more effective separation of the excitons into electrons and holes. Unfortunately, 

there is no clear relationship between shunt resistance (Rshunt)/the series resistance (Rseries) 

and the coverage of pyramids, as shown in Figure 7.6 (g) and (h). 

The diode properties of the devices are estimated with the measured J-V curves under dark 

conditions, as shown in Figure 7.6 (i). Though there is no obvious trend in the ideality as a 

correlation to the surface coverage of pyramids because of the large errors, the general 

change is that the ideality increases with the coverage, as shown in Figure 7.6 (j). This might 

be partially caused by a poorer conformal contact between GOCNT and Si when roughness of 

the surface is increased.  In addition, as shown in Figure 7.6 (k), the reverse saturation current 

(Jsat) increases with the surface coverage, which is possibly due to the less ideal heterojunction 

quality resulting from the increase in the surface roughness. The other potential possibility is 

that the illumination area which is used for the estimation of the solar cell performance is 

smaller than the actual interfacial area. This mismatch leads to the overestimation of both the 

ideality and Jsat since poorer dark curves might be recorded for the same illumination area 
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value in the case of devices with pyramidal Si surface. Such mismatch results in the 

overestimation of both the ideality and Jsat because poorer dark J-V curves are recorded while 

using the same illumination area for devices with higher coverage of pyramids though the 

influence of this is slight very slight. Therefore, the diode properties of devices become worse 

as the pyramid coverage increases which is mainly caused by recombination events 

contributed by the increase in the surface roughness with slight influence from the mismatch 

between the contact and the illumination area. 
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Figure 7.6 The detailed solar cell performance: J-V curves under (a) light and (i) dark 
conditions, (d) EQE curves, (b) Efficiency, (c) JSC, (e) VOC, (f) FF, (g) Rshunt, (h) Rseries, (j) 
Ideality, (k) Jsat and (l) ɸB as a function of the coverage of pyramids on the Si surface. 
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7.4.4 Source of the improvement in solar cell performance  

As shown in Figure 7.6, the main contribution to the increase in efficiency with the pyramid 

coverage is the dramatically increased JSC, which further suggests that an increased number 

of produced charge carriers was the main source of the improvement in the solar cell 

performance. Generally, the decrease in the reflection results in a higher number of photons 

absorbed by the Si surface with high surface coverage, as shown in Figure 7.7 (a), where the 

values for number of photons absorbed by Si (N) are calculated by Equation 7.1 when it is 

assumed that the loss of incident energy is due to the surface reflection alone. 

The normalised values (X/X0, in which X is the value at a certain coverage and X0 is the value 

for the initial flat Si surface) of different parameters are plotted in Figure 7.7 (b). Noticeably, 

there is a mismatch between the increased number of photons and the JSC improvement - the 

improvement in JSC is higher, which suggests that some other factors rather than the reduced 

reflection of the surface contribute to such performance improvement. The most likely factor is 

the increase in the contact area between hybrid films and textured Si surface as the surface 

coverage of pyramids increases. If the internal quantum efficiency is assumed to be 100 %, the 

actual contact area (ATotal) at various coverages is calculated by Equation 7.2 and plotted in 

Figure 7.7 (b). The results show that ATotal increased to 1.1 times of the initial area for flat Si 

surface when the coverage is at 50 %, but it remains at this level with further increases in the 

pyramid coverage. This is probably because it is more difficult to create a perfectly conformal 

contact between GOCNT films and pyramid surfaces with the increase in the surface 

roughness. 

Equation 7.3 (rearranged in Equation 7.4) is used to understand the impact of the imperfect 

contact and it is assumed that all the pyramids have the same base angle (50°).54 As shown in 

Figure 7.7 (c), the coverage factor decreases with surface coverage in a linear relationship and 

it suggests that even though the floating transfer approach is able to cover some complex 

structures, the ability for the GOCNT layer to form a perfect conformal coverage to the pyramid 

structure is decreased in the case of high surface roughness. When the coverage is low, most 

of the structures are likely separated by some flat region and the hybrid film can cover the 

corner the pyramids (highlighted by the yellow dashed circle in Figure 7.5 (d)). In contrast, 

when the pyramid coverage is high, most of the pyramids are connected with each other and 
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the hybrid films start to fall apart at the bottom of the valleys between two pyramids and the 

intimate contact between the GOCNT films and the silicon is poorer.  

N = NAM1.5 T (1− RSi)         Equation 7.1 

JSC
JSC0

= N
N0

ATotal
A0

          Equation 7.2 

ATotal = A0 Coverage
cos50°

CF + A0  (1 − Coverage)          Equation 7.3 

CF = [ATotal −A0 (1 − Coverage)] cos50°
A0 Coverage

         Equation 7.4 

N and NAM1.5 (photons s-1 m-2) are the number of photons reaching Si surface at different 

pyramid coverage and the number of photons from the incident light beam (these values are 

calculated by the integration from 300 to 1100 nm); T (%) is the transmittance of the hybrid 

films after chemical doping; RSi (%) is the reflectance of the Si surface with various pyramid 

coverage; JSC0 (mA cm-2) and N0 are the current density and the number of photons reaching Si 

surface at zero coverage (the initial state); ATotal and A0 (cm2) are the actual contact area 

between GOCNT films and Si at different pyramid coverage and zero coverage (A0 = 0.087 

cm2); CF is the coverage factor describing the percentage of the pyramid surface area covered 

by GOCNT films tightly; and Coverage (%) is the surface pyramid coverage. 

 

Figure 7.7 (a) The increase in the number of photons absorbed by Si surface, (b) 
normalised JSC, N and A, and (c) CF as a correlation with the surface coverage of 
pyramids. 
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There are three assumptions in the previous calculation, (a) the light scattered from the 

surface is 0 %; (b) the internal quantum efficiency is 100 % and (c) the base angles of all the 

pyramids are the same. Deviations from these assumptions would yield lower photocurrent 

improvement due to the decrease in the reflectance, suggesting that the calculated ATotal is 

lower than the actual value which would further imply that the increased area has a higher 

contribution than the calculated results in all cases, and the CF values are expected to be 

higher than those in Figure 7.7 (c). However, the general trend in these plots can probably 

remain the same.  

The highest efficiency in this Chapter is above 13 %, which is one of the highest values among 

the class of carbon nanomaterials/Si heterojunction photovoltaics, including graphene/Si and 

CNT/Si solar cells.29,33,36 The theme of this Chapter is to decrease the reflection of Si and 

improve the actual heterojunction area between GOCNT and Si to increase the number of 

charge carriers produced in the fixed illumination area. Thus, the nanostructure on the surface 

has a strong influence on these 2 factors. If both the reflectance of the pyramid surface (above 

15 %) can be further decreased and the coverage of GOCNT on the Si structure is further 

improved, higher efficiency solar cells would be fabricated.  

 

7.5 Conclusions 

A traditional solution based approach was used to create pyramid structures on Si surface with 

various coverages from 0 to 99.9 % with different reaction duration from 0 to 45 min. The 

surface reflectance decreased with the surface coverage of pyramids and the surface with the 

highest coverage (99.9 %) had reflectance below 20 % in the visible and near infrared range. 

GOCNT/Si heterojunction solar cells were created by picking up floating GOCNT transparent 

hybrid films from an acetone bath with pyramid-covered Si surfaces. Solar cells with the 

highest pyramid coverage had the best performance (13.01 ± 0.32 %) because of the 

increased actual contact area between GOCNT and Si which helps to produce and extract 

more charge carriers and at the same time a higher number of photons are absorbed at the 

heterojunction with the decreased reflectance of the textured Si. 
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8.1 Overview 

Preparation of single chirality species of single walled carbon nanotubes is one of the top 

challenges in the nanocarbon field. In the past 15 years, great progress has been achieved in 

the preparation of single-chirality species via both chirality-specific growth and post synthesis 

separation methods. As a result, the application of the single-chirality enriched SWCNTs in 

various fields, such as photovoltaics and biological imaging, has been a new topic in carbon 

nanotube research.  Overall, single-chirality SWCNT species are successfully separated from 

a commercial parent soot containing a wide distribution of species by both methods (gel 

chromatography and aqueous two phase extraction (ATPE)). 

 

8.2 Introduction 

Due to the unique properties of SWCNTs,1 such as mechanical strength, chemical stability, 

electronic conductivity and so on, they have been intensively studied and have great potential 

to be applied in different fields,2 including nano-composites, energy harvesting, medical and 

biological applications.3-5 Currently, industrial scale manufacturing of CNT has been achieved6-

8 and there are several commercialised CNT-based products.9-11 However, one of the key 

issues in these products is the inhomogeneity of the structure and properties caused by the 

wide distribution of CNT length and chirality.12  

Many properties of SWCNTs are chirality dependent, such as electronic band structure and 

optical absorption.13 For instance, two-thirds of SWCNTs are semiconductors (n – m ≠ 3q and 

q is an integer) while the rest one-third of SWCNTs are metals (n – m = 3q).14 In these 

semiconductors, the bandgaps are inversely proportional to the diameter of the nanotubes.15 In 

addition, the optical absorption is determined by the bandgaps and/or the van Hove 

singularities for both semiconducting and metallic carbon nanotubes.16-17 Therefore, it is 

important to have control over the chirality of SWCNTs for different applications.18 For 

example, in the fabrication of the biologically transparent electronic devices (such as  

transistors) which absorb limited light in the visible range, the potentially ideal materials are 

SWCNTs with the absorption of S11 and S22 located above 700 nm.19-22  
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Nowadays, with the continuous efforts in this field, people have the ability to prepare single 

chirality enriched SWCNTs by either direct growth7,23-37 or post synthesis.16,38-54 In terms of the 

purity, post synthesis purification methods seem to be better than the direct growth. Among 

these purification approaches, gel chromatography, in which allyl dextran-based polymer 

beads are used as the stationary phase having different affinities to various surfactant-coated 

SWCNTs with different chiralities, has the potential to be applied on an industrial scale.49 The 

adsorption of surfactant-suspended SWCNTs onto the gel beads is highly dependent on the 

chirality and the selection of the mobile phase as well as the type of surfactant. In addition, the 

temperature of the separation also plays an import role in the adsorption.47 More than 10 types 

of semiconducting SWCNT species were separated with good control over the type and 

concentration of the surfactant and the temperature, and the separated SWCNTs have a purity 

up to 93 % with high yield.45 In addition, simultaneous separation of single-chirality species and 

enantiomer purification are realised by the same method.47 Recently, the same group 

optimised the procedure and demonstrated the separation of highly pure single-chirality 

SWCNTs on a milligram scale.49 The second very interesting approach to obtain high-purity 

single-chirality SWCNTs is an aqueous two-phase separation or aqueous two-phase extraction 

technique, which link the carbon nanomaterials with biological materials. 54 This approach is 

derived from deoxyribonucleic acid (DNA)-based separation via ion-exchange chromatography 

by replacing the ion-exchange resin with polymer two-phase systems as the separation media, 

where two separate but permeable aqueous phases with slight differences are created.40 As a 

result, dispersed SWCNTs of various chiralities partition into two phases due to the different 

hydration energy in the two phases, which is exploited to achieve the separation of SWCNTs. 

In fact, this approach is compatible to both DNA and surfactant dispersed SWCNTs to purify 

high purity single species.52-53 Overall, this ATPE based method is efficient and easy to scale 

up. 

In this Chapter, both gel chromatography and DNA-based ATPE approaches are used to 

separate SWCNTs from a mixed soot either by electronic properties (metals and 

semiconductors) and/or single-chirality species. Surfactants are used to prepare the SWCNT 

dispersion for gel chromatography separation while DNA sequences are used to fabricate CNT 

suspension for ATPE method. Overall, gel chromatography is able to separate SWCNTs into 

metal and semiconductors and 6 individual semiconducting species are purified while more 
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than 10 different SWCNT species are purified with different electronic properties by the ATPE 

approach. 

 

8.3 Experimental details 

8.3.1 Metal/semiconductor separation by gel chromatography 

The preparation of the dispersion and the procedure of the separation are described in 

sections 2.2.2.1.2 and 2.3.1.1, respectively. The purity of these fractions are evaluated by UV-

Vis-NIR spectra (refer to 2.6.3).  

8.3.2 Single-chirality SWCNT separation by gel chromatography 

The preparation of the SWCNT dispersion and the separation of single-chirality SWCNT are 

described in sections 2.2.2.1.3 and 2.3.1.2. The purity of the separated fractions are assessed 

by UV-Vis-NIR spectrometer (refer to 2.6.3). 

8.3.3 Single-chirality SWCNT separation by ATPE 

The dispersion of the SWCNTs and aqueous solutions used in ATPE were prepared as 

described in sections 2.2.2.3 and 2.2.1.7. The ATPE separation procedure is described in 

section 2.3.1.3 with the evaluation of the purity by UV-Vis-NIR spectroscopy (refer to 2.6.3). 

 

8.4 Results and discussion 

8.4.1 Separation of metallic and semiconducting SWCNTs 

The separation of metallic and semiconducting SWCNTs was done with a gel chromatography 

approach. As shown in the dark trace in Figure 8.1, the parent CNT dispersion (HiPco 

SWCNTs, in 0.5 wt% SDS aqueous solution) contains a wide distribution of many chiralities 

with many absorption features through S11 (900 - 1350 nm) and S22 (500 - 850 nm) overlapped 

with M11 (400 - 600 nm). Since some metallic species have weak affinity to the dextran-based 

gel beads due to the high coverage of surfactant, they are not bound to the gel and are easily 
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flushed out of the gel bed by 0.5 wt% SDS aqueous solution. The UV-Vis-NIR spectrum of the 

metal enriched fraction (the red trace in Figure 8.1) has several peaks with high intensity in the 

range of 400 to 600 nm (M11) while there are still some semiconducting impurities which 

absorb at above 900 nm. It is difficult to assign these peaks to specific species with UV-Vis-

NIR spectra when the fraction contains many chiral species. By increasing the concentration of 

SDS aqueous solution to 1 wt%, both strong-bound metallic species and weak-bound 

semiconducting species are flushed out of the gel bed. This is indicated by the blue trace in 

Figure 8.1, where absorption peaks of both metallic species (M11) and semiconducting species 

(S11 and S22) are observed. After this step, most of the metallic species in the parent 

suspension are removed from the gel bed with some larger diameter semiconducting species, 

including (10,3) and (8,6). In order to collect a semiconducting SWCNT enriched fraction, 0.5 

wt% DOC aqueous solution is used to flush the gel bed and elute the strong-bound 

semiconducting SWCNTs, as shown in the pink trace in Figure 8.1, where very low metallic 

SWCNT peak intensity (M11) and strong semiconducting species peaks (S11 and S22) are 

observed.  

 

Figure 8.1 UV-Vis-NIR spectra of different fractions in the separation of metallic and 
semiconducting SWCNT species. The spectra of parent, mixture and semiconductors 
are normalised at the strongest S11 peak while the metallic spectrum is normalised at 
the strongest M11 peak. 

Overall, based on the affinity difference of metallic and semiconducting SWCNTs to the gel 

beads, tuning the concentration and type of the surfactant (and the resulting coverage on the 

SWCNTs) enables the separation of metallic and semiconducting species from the parent 

suspension.  
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8.4.2 Single-chirality SWCNT separation by gel chromatography 

Since the separation of SWCNT by chiral angles can be done by a two-surfactant system 

(SC/SDS)45,47 and DOC shows is effective in the diameter separation of SWCNTs due to its 

stronger affinity with small diameter species,55-56 in this section, single-chirality separation of 

SWCNTs is achieved with the combination of chiral angle and diameter selectivity in a three-

surfactant system (SC/SDS/DOC). The mechanism is described as follows: ideally, the loading 

of the SWCNTs to the gel bed is performed with SC/SDS system and desorption of the 

SWCNTs out of the gel bed is conducted by SC/SDS/DOC system. During the loading 

process, under a certain concentration of the surfactant, SWCNTs with specific chiral angles 

were adsorbed while the species with different chiral angles are not bound to the gel. Then, the 

absorbed SWCNTs are eluted out of the gel bed into fractions of different diameter species by 

continually increasing the concentration of DOC in SC/SDS/DOC system. The surfactant 

concentration in the unbound fraction from the loading process can then be diluted to another 

level and the diluted fraction is loaded to the subsequent gel bed to repeat the chiral angle and 

diameter separation in a similar manner, as shown in Figure 8.2 (a). Single-chiral species can 

eventually be separated by repeating the described process several times. 

As shown in Figure 8.2 (b), the unbound suspension is a mixture of many chiral species, which 

absorbs light throughout the entire wavelength range from 300 to 1350 nm by E11, E22 and E33. 

After the collection of the unbound SWCNTs, aqueous solutions with increasing DOC 

concentration but constant SC and SDS concentration are used to flush the gel bed to elute 

the adsorbed SWCNTs step by step. The first three fractions (0.5 wt% SC 2 wt% SDS 0.04 

wt% DOC, 0.5 wt% SC 2 wt% SDS 0.08 wt% DOC and 0.5 wt% SC 2 wt% SDS 0.12 wt% 

DOC) seem to have very similar absorbance features to the parent suspension. This is 

possibly due to the fact that the concentration of DOC is not high enough to elute any specific 

chiral species but there are still some SWCNTs being eluted out with the aqueous medium 

(“background”). As a matter of fact, the actual intensities of the spectral signals are extremely 

low (Absorbance < 0.05). All the rest of these fractions contain different SWCNT species due 

to their various absorbance features in the spectra, as shown in Figure 8.2 (a). However, there 

are no single-chirality species collected from this column while the majority of the species in 

the 4th (0.5 wt% SC 2 wt% SDS 0.16 wt% DOC) and the 6th fractions are (7,3) (S11 = 999 nm 
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and S22 = 509 nm) and (7,6) (S11 = 1145 nm and S22 = 657 nm).57-58 In addition, the S11 and S22 

values showed are not exactly where these species absorb energy due to the impurity species 

which have the potential to shift the peak position. For instance, in the spectrum of 4th fraction, 

the tail of the (7,3) peak below 1000 nm is from the impurity ((6,5) S11 = 975 nm, and its S22 

peak is observed at 568 nm).57-58 Similarly, the tail (from 1160 to 1200 nm) of the (7,6) peak in 

the spectrum of the 6th fraction is caused by (8,6) whose S11 is at 1172 nm (and the S22 is at 

722 nm).58 The summarised information of the main species in each fraction are shown in 

Table 8.1.  

Table 8.1 Summary of the main species in different factions from the 1st, 2nd and 3rd 
columns during gel chromatography-based separation. 

Column Number (SC and 
SDS concentration) 

Concentration 
of DOC (wt%) 

Composition of 
the species 

S11 (nm) S22 (nm) 

1 st 
0.5 wt% SC 
2 wt% SDS 

0.04; 0.08; 0.12; 
0.20; 0.28; 0.32 

and 0.36 
complex n.a. n.a. 

0.16 Mainly (7,3) 999 509 
(7,6) 1145 657 

0.24 Mainly (7,6) 1145 657 
(8,6) 1172 722 

2 nd 
0.5 wt% SC 
1 wt% SDS 

0.02; 0.04; 0.08; 
0.10; 0.12; 0.16 

and 0.20 
complex n.a. n.a. 

0.06  Highly pure (7,3) 1000 508 

0.14 
Mainly (9,4) 1114 727 

(11,1) 1270 612 
(10,3) 1270 645 

0.18 Highly pure (10,3) 1270 645 

3 rd 
0.5 wt% SC 

0.5 wt% SDS 

0.01; 0.05; 0.06; 
0.07; 0.09 and 

0.10 
complex n.a. n.a. 

0.02 Highly pure (6,4) 883 583 
0.03 Highly pure (6,5) 980 569 
0.04 Mainly (8,7) 1290 739 
0.08 Highly pure (8,6) 1175 719 
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Figure 8.2 (a) The process of the separation, (b) Normalised UV-Vis-NIR spectra (at the 
maximum of E11 absorbance) of separated SWCNTs fractions from the (b) 1st, (c) 2nd, 
and (d) 3rd column. The concentration of SC and SDS are 0.5 and 2 wt% (1st)/1 wt% 
(2nd)/0.5 wt% (3rd) while DOC concentration ranges from 0 to 0.36 wt% (1st)/0.20 wt% 
(2nd)/0.10 wt% (3rd) with a step of 0.04 wt% (1st)/0.02 wt% (2nd)/0.01 wt% (3rd). The 
poor signal to noise ratio of the spectra in some of the plots is due to the low CNT 
concentration of these particular fractions. 

As shown in Figure 8.2 (c), the unbound fraction has a higher metallic content than in the 

parent suspension (relatively higher M11 intensity from 400 – 600 nm). In the first two fractions 

(0.5 wt% SC 1 wt% SDS 0.02 wt% DOC and 0.5 wt% SC 1 wt% SDS 0.04 wt% DOC), the 

DOC concentration is too low to be able to elute any specific chiral species, which is a very 

similar situation observed in the previous column. Besides, the low signal-to-noise ratio in the 

IR region shows ever lower concentration of CNT in these fractions (absorbance < 0.02) than 

that in the previous column. The third fraction is a relatively pure (7,3) fraction (S11 = 1000 nm 

and S22 = 508 nm).57-58 With the increase in the DOC concentration of the flushing aqueous 

solutions, more and more semiconducting SWCNTs are eluted from the 4th to 6th fractions. In 

the 7th fraction, (9,4) is eluted out of the gel bed with small amount of (11,1) and (10,3).57-58 

Further increase in the DOC concentration flushes the 9th fraction mainly containing (10,3) out 

of the gel bed. Any increase in the DOC concentration is very difficult to elute enough 

SWCNTs (the 10th fraction has a very low signal (absorbance < 0.015) with a low signal-to-

noise ratio). Overall, as the concentration of DOC increases, the diameter of the SWCNTs in 

the fractions increases (since the diameter of the SWCNT is in a reverse proportional 

relationship to the E11 absorbance position). 

As shown in Figure 8.2 (d), the unbound fraction is enriched with metallic SWCNTs, with 

limited signal intensity above 800 nm. Small-diameter semiconducting species, (6,4) (S11 = 883 

nm and S22 = 583 nm), is eluted at the 2nd fraction.57-58 Slightly larger species (6,5) (S11 = 980 

nm and S22 = 569 nm)57-58 is eluted out of the gel bed at the next fraction. The next single-

chiral species, (8,6) (S11 = 1175 nm and S22 = 719 nm),57-58 is collected at the 8th fraction. 

Further increase in the DOC concentration does not elute sufficient SWCNTs. The overall 
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trend is that the dimeter of the eluted SWCNTS increases with the concentration of DOC, 

which is very similar to that is observed from the 2nd column. 

In summary, metal/semiconductor separation is achieved by the three-surfactant system 

(SC/SDS/DOC) due to much lower affinity of metallic species to the gel bed. More importantly, 

this system takes the advantages of surfactant selectivity on both chiral angle and diameter of 

semiconducting SWCNTs to yield single-chiral species, including (7,3), (9,4), (10,3), (6,4), (6,5) 

and (8,6). The concentration and the yield of these species are estimated by the absorbance 

spectra and shown in Table 8.2 (~3 mL of each of these species were collected).59 Among 

them, (6,5) has the highest yield while the yield of (7,3) and (6,4) are below 0.2 µg.  

Table 8.2 Estimated concentration and yield based on UV-Vis-NIR spectra of the single-
chirality species separated by gel chromatography (about 3 mL of each species can be 
collected during each experiment). 

Species Estimated concentration* (µg mL-1) Mass (µg) 
(7,3) 4.6 × 10-2 0.14 
(9,4) 7.3 × 10-1 2.19 
(10,3) 4.7 × 10-1 1.41 
(6,4) 5.3 × 10-2 0.16 
(6,5) 1.1 × 100 3.30 
(8,6) 3.3 × 10-1 0.99 

* The concentrations of these semiconducting species are estimated based on absorption 

cross section values from ref 59. 

8.4.3 Single-chirality SWCNT separation by ATPE 

8.4.3.1 TTA(TAT)2ATT 

As shown in Figure 8.3, the parent suspension contains a wide distribution of SWCNT species 

while the major species is (6,5). After the first step of separation (TTA(TAT)2ATT-SWCNTs 

(SG 65i)), as shown in Figure 8.3 (a), the 1T fraction was highly enriched with (6,5) while the 

majority of the SWCNTs were in the PAM-rich bottom phase (The labelling system of the 

fractions is referred to section 2.3.1.3 and Figure 2.1). With the repetitive addition of DX and 

the blank bottom phase, (6,5) from 1T was further purified with other species moving to the 

bottom phase. The absorbance peak position for E11 and E22 are at 993 and 575 nm, which is 
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slightly red-shifted compared to the surfactant dispersed SWCNTs due to the differences in 

dielectric environment.54 This red shift is widely observed in all DNA-wrapped SWCNT 

samples. In addition, after the multistep separation of 1B, another (6,5) fraction was collected 

at 4B, as shown in Figure 8.3 (b). Both two fractions (1TTT and 4B) were enriched with (6,5) 

but they were two different enantiomers, (-) (6,5) at 1TTT and (+) (6,5) at 4B.60 The current 

understanding of the handedness selectivity is that DNA sequences adopt two different 

wrapping manners on a pair of enantiomers, resulting in large difference in the chemical 

reactivity and the intensity of the fluorescence.60 

 

Figure 8.3 ATPE of SWCNTs (SG 65i) with ssDNA (TTA(TAT)2ATT) in PEG/PAM system. 
UV-Vis-NIR spectra of the fractions from the purification of (a) PEG rich top and (b) PAM 
rich bottom phases. The spectra are normalised at the maximum of E11. 

The same SWCNT dispersion was also separated in PEG/DX system, as shown in Figure 8.4. 

Noticeably, in most cases of PEG/DX separation, 1T does not contain any SWCNTs due to 

their strong affinity to DX enriched bottom phase. With the addition of modulating agent (the 

modulators are extremely useful in SWCNT separation though the exact reason why is still 

unknown), PVP, SWCNTs are partitioned into the top phase step by step. In this case, 2T was 

highly enriched with (6,5) and was purified 2 more steps to 2TTT with the removal of (7,6) and 

(7,5) (as shown in Figure 8.4, trace 2TB). The multi-step purification of 1B was also performed 

but there was no interesting fraction observed (not shown). In addition, PEG/DX does not have 

any selectivity to different enantiomers.  
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Figure 8.4 ATPE of SWCNTs (SG 65i) with ssDNA (TTA(TAT)2ATT) in PEG/DX system. 
UV-Vis-NIR spectra of the fraction from the purification of (a) PEG rich top phases. The 
spectra are normalised at the maximum of E11. 

8.4.3.2 CTCCCTC 

As shown in Figure 8.5, the parent suspension contains a wide distribution of chiral species 

with (7,6) the majority species. After the first step separation of CTCCCTC-SWCNTs in the 

PEG/PAM system, (7,6) partitioned into the top phase (1T) with a small amount of (7,5) while 

other species were in the bottom phase (1B, not shown). With the addition of DX and blank 

bottom phase of PEG/PAM system, the impurities were removed and 1TTT was highly 

enriched with (7,6). 

In addition, the separation of the same parent dispersion was performed in a PEG/DX system, 

as shown in Figure 8.6. Similarly, 1T did not have any SWCNTs (not shown), which was 

normally observed in the separation with PEG/DX system. 2T was highly enriched with (7,6) 

while the majority of 3T is (7,6) with some (8,6) (S11 = ~1185 nm and S22 = ~730 nm) as the 

impurities. A metallic species, (8,5), was collected at 6B with the addition of PVP after the 

multi-step separation, as shown in Figure 8.6. Since the enrichment of (7,6) at 3T, further 

purification was conducted with the addition of NaSCN acting as the modulator. After 1 more 

step, the impurity was removed from the top phase (3T) to the bottom fraction (3TB, as shown 

in Figure 8.6 (b)). It is worth noting that there is a trade-off between the yield and the purity. 

Specifically, though the impurities were removed from (7,6) fraction, some (7,6) partitioned into 

the bottom phase as well.  
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Figure 8.5 ATPE of SWCNTs (EG 150X) with ssDNA (CTCCCTC) in PEG/PAM system. 
UV-Vis-NIR spectra of the fraction from the purification of PEG rich top phase. The 
spectra are normalised at the maximum of S11. 

 

Figure 8.6 ATPE of SWCNTs (EG 150X) with ssDNA (CTCCCTC) in PEG/DX system. UV-
Vis-NIR spectra of the fraction from the purification of (a) DX rich bottom and (b) PEG 
rich top phases. The spectra are normalised at the maximum of E11. 

It has been shown that some ssDNA-SWCNT hybrids can be purified in both PEG/PAM and 

PEG/DX systems. However, for most of ssDNA sequences, the purification of the single-

chirality species did not occur.54,60 In the following sections, two ssDNA libraries are tested in 

order to find some rules between the selectivity of single-chiral species and the ssDNA 

sequences.  

8.4.3.3 Sequences based on TTT and CCC blocks 
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A library of ssDNA sequences based on TTT and CCC blocks were tested in this section. As 

shown in Table 8.3, there are in total 32 different types of ssDNA sequences build by TTT and 

CCC blocks in this library when the length of the sequences is determined to be 15-mer. After 

the preparation of the SWCNTs dispersion, separations were performed in both PEG/PAM and 

PEG/DX systems to test the selectivity of the single-chiral species.  

Table 8.3 ssDNA sequences of the TTT and CCC block library. 

T15 T12C3 T9C3T3 T9C6 
T6C3T6 T6C3T3C3 T6C6T3 T6C9 
T3C3T9 T3C3T6C3 T3C3T3C3T3 T3C3T3C6 
T3C6T6 T3C6T3C3 T3C9T3 T3C12 
C3T12 C3T9C3 C3T6C3T3 C3T6C6 

C3T3C3T6 C3T3C3T3C3 C3T3C6T3 C3T3C9 
C6T9 C6T6C3 C6T3C3T3 C6T3C6 
C9T6 C9T3C3 C12T3 C15 

 

As shown in Figure 8.7, 7 different SWCNT chiral species were purified by 7 ssDNA 

sequences in the entire library with 32 ssDNA sequences in total. In previous study, by 

scanning more than 300 random ssDNA sequences, 23 types of SWCNT species were 

purified. The successful rate of this TTT/CCC-block library is 21.9 % (7/32), which is two times 

higher than that in the literature, 7.7 % (23/300). This suggests that TTT and CCC blocks have 

better chirality selectivity than a random library. It is worth noting that the particular sequence, 

T3C9T3, has the ability to purify 3 different species ((11,1), (8,5) and (6,5)) from 2 ATPE 

systems, and one of them, the metallic species (8,5), is achieved from a middle fraction, which 

indicates that the wrapping of ssDNA on (8,5) is unique enough to be discriminated from 

others. The basic understanding of ssDNA sorting is that an ordered ssDNA-SWCNT hybrid is 

formed only for a certain match between the sequence and the structure of CNTs, which 

results in the differentiation of the specific ssDNA-wrapped SWCNTs from all other hybrids.38-39 

In the case of T3C9T3, it seems to be able to form 3 types of well-ordered structure with two 

ATPE systems. In addition, it was reported that TnCmTn can separate metal (9,9), quasi-metal 

(9,6) and semiconductor (11,1).60 Thus, in the next section, a library based on TnCmTn 

sequence is tested. 
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Figure 8.7 UV-Vis-NIR spectra of separated single-chirality SWCNTs by the ssDNA 
sequences from the library based on TTT and CCC blocks. T, M and B in the legend 
indicate where the specific species was separated (top, middle and bottom fraction 
during the separation process based on a specific ssDNA). The spectra are normalised 
at the maximum of E11. 

8.4.3.4 Sequences based on TnCmTn 

Several sets of ssDNA sequences based on TnCmTn are scanned in this section, as shown in 

Table 8.4 and the UV-Vis-NIR spectra of the successfully separated species are shown in 
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Figure 8.8, Figure 8.9 and Figure 8.10. Overall, among these 21 sequences, 16 of them can 

purify 12 different species in total by 2 different ATPE systems, PEG/PAM and PEG/DX. 

 

 

 

Table 8.4 ssDNA sequences in the library of TnCmTn. 

T3CmT3 T4CmT4 T5CmT5 
T3C5T3 T4C4T4 T5C4T5 
T3C7T3 T4C6T4 T5C5T5 
T3C8T3 T4C7T4 T5C6T5 
T3C9T3 T4C8T4 T5C7T5 
T3C10T3 T4C9T4 T5C8T5 
T3C11T3 T4C10T4 T5C9T5 
T3C12T3 T4C11T4 T5C10T5 

 

As shown in Figure 8.8, several chiral species with different electronic species (semiconductor 

((7,6), (11,1), (6,5), (8,4) and (10,3)), metal ((6,6)) and quasi-metal ((8,5) and (11,2))) are 

purified with the help of T3CmT3. 5 sequences have some positive results, and more 

interestingly, some of these sequences can purify more than 1 species in different ATPE 

system, such as T3C5T3, T3C9T3, T3C10T3 and T3C11T3. Although the yield of the metal and 

quasi-metals is not high (as shown in Table 8.5), the overall ability of chirality separation of 

T3CmT3 is much better than that of a random ssDNA library.60 
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Figure 8.8 The UV-Vis-NIR spectra of separated chiral species with ssDNA sequences 
based on T3CmT3. T (Top) and B (Bot) indicate where the species are separated. (11,1), 
(8,5) and (6,5) separated by T3C9T3 are shown in Figure 8.7  previously.  

T4CmT4 sequences can purify several semiconducting species, including (11,1), (9,2), (10,3) 

and (7,5), as shown in Figure 8.9. Most of these species are purified in PEG/PAM system with 

the exception of (7,5) separated by PEG/DX. Among the tested 7 sequences, T4C8T4 can 

purify two species. The yield of the species separated by T4CmT4 seems to be lower than that 

of T3CmT3, as shown in Table 8.5, but the separation ability is slightly higher than that of 

T3CmT3 (6/7 versus 5/7).  
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Figure 8.9 The UV-Vis-NIR spectra of separated chiral species with ssDNA sequences 
based on T4CmT4. T (Top) and B (Bot) indicate where the species are separated. 

Similar to T4CmT4 sequences, T5CmT5 sequences have the ability to purify several 

semiconducting species, including (6,5), (8,6), (7,5), (10,3), (11,1), (11,0) and (7,6), as shown 

in Figure 8.10. Noticeably, 2 sequences (T5C9T5 and T5C10T5) can purify 3 different species by 

2 ATPE systems. The yield of the species separated by this system is similar to that of T4CmT4 

sequences, but it can purify more species than T4CmT4 sequences (7 versus 4).  
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Figure 8.10 The UV-Vis-NIR spectra of separated chiral species with ssDNA sequences 
based on T5CmT5. T (Top) and B (Bot) indicate where the species are separated. 

In summary, T3CmT3 sequences can separate chiral species with three different electronic 

properties while T4CmT4 sequences have the highest successful rate (6/7) and the only zig-zag 

structure (11,0) is purified from T5CmT5 sequences library. In terms of the yield, as shown in 

Table 8.5, T3CmT3 has the highest yield and T4CmT4 and T5CmT5 are in a similar level. The 

overall yield of ATPE is higher than that of gel chromatography separation, as shown in Table 

8.2 and Table 8.5. 
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Table 8.5 Estimated concentration and yield based on UV-Vis-NIR spectra of the single-
chirality species separated by ATPE (about 1.2 mL of each species can be collected 
from 1 mL SWCNT parent suspension). 

Species DNA sequence ATPE system* Estimated concentration** 
(µg mL-1) 

Mass 
(µg) 

(6,5) TTA(TAT)2ATT PEG/PAM 6.0 × 100 7.20 
(6,5) TTA(TAT)2ATT PEG/PAM 6.2 × 100 7.44 
(6,5) TTA(TAT)2ATT PEG/DX 7.4 × 100 8.88 
(7,6) CTC3TC PEG/PAM 4.8 × 100 5.76 
(7,6) CTC3TC PEG/DX 1.39 × 101*** 16.72*** 

(8,5) CTC3TC PEG/DX 8.3 × 10-2 0.10 
(11,1) T3C9T3 PEG/PAM 4.2 × 10-1 0.50 
(8,5) T3C9T3 PEG/DX(M)**** 4.5 × 10-3 0.0054 
(6,5) T3C9T3 PEG/DX 4.4 × 10-1 0.53 
(6,5) C3T3C3T6 PEG/PAM 1.1 × 100 1.32 
(7,5) C3T3C9 PEG/DX 3.2 × 10-1 0.38 
(6,5) C6T3C3T3 PEG/PAM 1.8 × 100 2.16 
(8,4) C9T6 PEG/DX 1.8 × 100 2.16 
(7,6) C9T3C3 PEG/DX 4.0 × 10-1 0.48 
(10,3) C12T3 PEG/PAM 3.1 × 100 3.72 
(7,6) T3C5T3 PEG/PAM 3.4 × 10-1 0.41 
(6,6) T3C5T3 PEG/DX 2.5 × 10-2 0.03 
(11,2) T3C7T3 PEG/DX 5.7 × 10-3 0.0069 
(7,6) T3C10T3 PEG/PAM 4.5 × 100 5.43 
(8,4) T3C10T3 PEG/DX 2.7 × 100 3.24 
(10,3) T3C11T3 PEG/PAM 1.9 × 100 2.28 
(7,6) T3C11T3 PEG/DX 2.4 × 100 2.88 
(11,1) T4C4T4 PEG/PAM 5.3 × 10-1 0.64 
(9,2) T4C6T4 PEG/PAM 3.0 × 10-1 0.36 
(10,3) T4C7T4 PEG/PAM 4.3 × 10-1 0.52 
(11,1) T4C8T4 PEG/PAM 5.6 × 10-1 0.67 
(7,5) T4C8T4 PEG/DX 5.4 × 10-1 0.65 
(11,1) T4C9T4 PEG/PAM 5.7 × 10-1 0.68 
(10,3) T4C11T4 PEG/PAM 6.9 × 10-1 0.83 
(6,5) T5C4T5 PEG/PAM 5.9 × 10-1 0.71 
(8,6) T5C6T5 PEG/PAM 1.7 × 100 2.04 
(7,5) T5C7T5 PEG/DX 1.2 × 100 1.44 
(10,3) T5C9T5 PEG/PAM 7.5 × 10-1 0.90 
(11,1) T5C9T5 PEG/PAM 2.9 × 10-1 0.35 
(7,6) T5C9T5 PEG/DX 4.2 × 10-1 0.50 
(10,3) T5C10T5 PEG/PAM 6.7 × 10-1 0.80 
(11,0) T5C10T5 PEG/PAM 1.3 × 10-1 0.16 
(7,6) T5C10T5 PEG/DX 1.7 × 10-1 0.20 
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* The polymer phases in bold in ATPE system column indicates where the final purified species 

were collected. For example, PEG/PAM in the first line means that the separated (6,5) was 

collected from the purification of SWCNTs in the very beginning top phase (1T, for PEG/DX 

system, it is normally 2T) enriched in PEG. Similarly, PEG/PAM in the second line means that 

(6,5) was collected from the very last bottom phase enriched with PAM. 

** The concentrations of these semiconducting and metallic species are estimated using 

absorption cross section values from ref 59 and ref 54. 

*** The estimated concentration and the yield of CTCCCTC separated (7,6) in PEG/DX system 

is the sum of SWCNTs from both 2T and 3TT. 

**** The fraction of (8,5) is a middle fraction. 

8.5 Conclusions 

SWCNT separation can be achieved via both gel chromatography and ATPE approach. The 

separation of SWCNTs into metal and semiconducting species were achieved with high purity 

and yield by gel chromatography with the help of surfactants. 6 semiconducting species were 

purified by gel chromatography while single chiral species including metals, quasi-metals and 

semiconductors were purified by ATPE. ATPE seems to have higher yield and purity at the 

same time, but gel chromatography is a potentially more economical method for separating 

SWCNTs. 
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9.1 Conclusions  

In this Thesis, it has been shown that heterojunction solar cells based on carbon nanotubes 

and Si are one of the potential alternatives to the current semiconductor photovoltaics. Several 

strategies were developed to enhance the performance these devices, including the 

application of CNT hybrid films with conductive polymers, the introduction of grid design of the 

front metal electrodes, the application of conducting organic hole transporting materials as the 

interlayer, the optimal p-type dopants and the formation of the surface structures on Si. The 

best efficiency in the Thesis is above 13 %, which is one of the highest efficiencies in this type 

of solar cells. The highest efficiency of CNT/Si based photovoltaics reported in the literature by 

Wang et al. is about 17 %,1 which involves the application of metal oxide (MoOx) as (a) an 

antireflection layer to improve the absorption of incident light, (b) a dopant in order to decrease 

the series resistance as well as the Schottky barrier. However, the active area of their device 

(0.0079 cm2) is much smaller than the one in this Thesis (0.087 cm2). The influence of the size 

of the active area of the devices has been described in Chapter 4 and smaller active area 

generally results in higher photovoltaic performance. Thus, the highest efficiency of solar cells 

in this Thesis (13 %) is competitive among this type of devices, though it is still much lower 

than that of traditional semiconductor based solar cells (about 20 %). It would be possible to 

combine some of the techniques listed in this Thesis to further pursue a high performance 

CNT/Si device. For example, devices with efficiency of more than 13 % can probably be 

produced when a PANI-CNT composite is placed on top of a spiro-OMeTAD coated silicon 

substrate. However, applying a conformal thin organic/polymeric film (< 50 nm) on a textured 

silicon surface would be highly challenging. In this case, the antireflective effect can be 

achieved by adding a transparent film on top of CNT layer.  Additionally, the work in this thesis 

was certainly focussed exploring different approaches to construct the CNT/Si solar cells as a 

means to understand their operation and the underlying mechanisms at play.  Achieving the 

maximum efficiency will arise from this work but it is not core to the goal of the Thesis. Overall, 

the heterojunction solar cells based on Si and CNTs have a bright prospect considering that 

the first device was produced in 2007 and the efficiency has been improved for more than 10 

times from 1.3 %.2 
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However, there are still several issues to be addressed before any practical applications. One 

of the main challenge widely reported is the long-term stability of the solar cells. The major 

source for the instability is the growth of the silicon dioxide layer when the device is exposed to 

the atmosphere, which can be suppressed by the application of polymer encapsulation layers 

to some degree.3 However, the best way to solve the issue is probably to replace the Si layer 

with a different material with long-term chemical stability in atmosphere. Specifically, the 

alternative structure of the solar cell we propose could be devices containing two layers of 

carbon nanotube of different chirality, in which each particular CNT chiral species acts as a 

semiconducting material layer (refer to section 9.2.2). In this Thesis, two different methods are 

used to separate a mixture of CNT soot containing a number of different chiralities into 

individual chiral species with high purity in Chapter 8, which paves the way to fabricate solar 

cells with specific absorption features by choosing different chiral species with various 

absorption wavelengths, as shown in Figure 9.1.  
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Figure 9.1 Purified SWCNTs in this Thesis by both gel chromatography and ATPE. The 
spectra are normalised at E11 peak. 

The other difficulty in commercial application is how to maintain the performance of the solar 

cells with the increase in the active area of the devices. In this Thesis, it has been proved that 

an optimal front metal contact could significantly improve the efficiency of a solar cell with large 

active area (about 0.09 cm2) to above 10 %.4 However, this approach including the application 

of photolithography in the definition of the delicate front metal structure (the optimal distance 

between each line is 0.5 mm and the width of the line is 0.01 mm) which is very difficult to be 

applied in large scale manufacturing. Some traditional approaches in printing industry, such as 

screen printing, might need to be considered to solve this practical problem. Additionally, the 

preparation and processing of large CNT-based thin electrodes are challenging as well. Spray 
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coating and rod coating might the alternatives to vacuum-transfer method on an industrial 

scale. 

It is clear that CNTs are one of the best materials for the application of transparent conducting 

films due to their excellent chemical stability, mechanical and optoelectronic properties.  

Several novel techniques listed in this Thesis (including applying CNT hybrid films with 

conductive polymers, introducing grid design of the front metal electrodes, the addition of 

conducting organic hole transporting materials as the interlayer, optimisation of p-type dopants 

and etching of Si surface) have been proved to effectively enhance the performance of CNT/Si 

devices and were all novel when first reported.  As many of these methods can be applied to 

other photovoltaic devices, such as replacing the expensive Au layer with a high quality CNT 

based TCF in perovskite solar cells, this Thesis will provide some new thoughts in the 

fabrication of a high performance solar cell. In addition, the interesting selectivity of TnCmTn 

sequences to specific chiral SWCNTs would potentially benefit both the separation of target 

SWCNT and its further application in other fields. Overall, this Thesis indicates the promising 

future of CNT-based transparent films to be applied in the industry of photovoltaics.  

 

9.2 Future directions 

9.2.1 Application of other 2D materials 

In the last 10 years, there was an impressive development in the synthesis, characterisation, 

and application of a large number of novel 2D materials, including MXenes, metal-organic 

frameworks, and transition metal dichalcogenides. It has already been proved that the 

application of graphene oxide in the CNT network can effectively enhance the optoelectronic 

as well as the mechanical properties.5 Thus, it is possible that many of the recently developed 

2D materials can be applied into the well-established heterojunction solar cell structure.  

One of the latest reports in this field is about the application of a composite transparent 

conducting thin electrode by adding few-layer black phosphorus into CNT network.6 

Heterojunction solar cells formed with such a composite film and silicon have been 

successfully fabricated with the efficiency approaching to 10 % after optimisation while the 
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efficiency of the control device without few-layer black phosphorus is about 7.5 %. Such 

improvement is attributed to the enhancement of charge transport due to unique electronic 

structure of the added 2D material which is related to the decrease in the orbital localised on 

few-layer black phosphorus from highest occupied molecular orbital to lowest unoccupied 

molecular orbital transition. Therefore, one can imagine that there is a great potential for other 

2D materials to be applied in such PV devices with the careful selection of their electronic 

properties.  

9.2.2 Solar cells purely based on CNTs 

As mentioned previously in section 9.1, one effective way to extend the lifetime of the solar cell 

is to replace the silicon layer with other materials and the proposed candidate is a layer of 

CNTs, which results in a devices entirely based on CNTs, as shown in Figure 9.2 (a). 
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Figure 9.2 (a) Schematic structure of photovoltaic device based on 2 different kinds of 
SWCNTs with different work functions and van Hove optical transitions (Purple 
rectangle: SWCNT (1) which acts as the electron donor and is connected to anode; Blue 
rectangle: SWCNT (2) which act as electron acceptor and is connected to cathode; Red 
rectangle: conductive polymer (CP) interlayer which helps to form a conformal contact 
between SWCNT (1) and SWCNT (2)). Not to scale. The simulation output of a SWCNT-
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based four junction tandem solar cell optimised for (b) maximum power absorption and 
(c) IR absorption. Reprinted with permission from ref 9. Copyright 2013 Royal Society of 
Chemistry. 

Since SWCNTs with different diameters have various work functions and van Hove optical 

transition energies, it is possible to build a photovoltaic system which is based on gradual 

change of the optical transition energy level.7-8. Figure 9.2 (a) shows the schematic structure of 

the target carbon based device. There are 3 main parts, 2 different kinds of SWCNTs with 

various work function and van Hove optical transition energy and a conductive polymer 

interlayer which is used to form a conformal junction between 2 sparse SWCNT networks. 

SWCNTs could absorb energy from the incident light and produce electron-hole pairs which 

are separated later, and electrons and holes transport along LUMO (lowest unoccupied 

molecular orbital) and HOMO (highest occupied molecular orbital) levels are collected by 

cathode and anode.  There is no limitation to the number of SWCNTs that could be used in 

such a structure as for chirally pure layers only one specific wavelength is harvested at a time.  

Calculations have shown that with just 4 SWCNTs, about 28 % of the solar spectrum can be 

harvested, as shown in Figure 9.2 (b) and (c).9 

The key point of this type device is the correct selection of the SWCNT species as well as the 

conducting polymers which enable the electron flow of the solar cell. The potential advantages 

of this new type of devices are more than the extended lifetime. The added benefits with this 

new design include improved flexibility compared to rigid silicon substrate, selectivity of the 

incident light with a certain type of SWCNT species. However, the main drawback of this solar 

cell might be its low efficiency compared to that of traditional silicon based solar cells due to 

the limited ability in absorbing light when a thin film is applied (less than 100 nm generally) 

although application of thicker films will solve this issue. 

Overall, due to the attractive benefits of this proposed new design, it is worth placing 

continuous effort in exploring and developing some devices based on these new concepts. At 

that time, CNT based photovoltaics will certainly have a welcome prospect. 
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