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Summary 

The application of solution processed nanocarbon-based materials in a number 

of photovoltaic systems was investigated and the performance of these systems 

optimised. These systems included the use of solution processed single-walled carbon 

nanotubes (SWNTs) in the working electrodes of photoelectrochemical solar cells, 

along with surfactant-assisted exfoliated graphene and reduced graphene oxide (RGO) 

in solid state nanocarbon-based material-silicon solar cells.  

Vertically aligned arrays of SWNTs were chemically attached to fluorinated 

tin oxide (FTO) substrates. These arrays were subsequently sensitised by the addition 

of a layer of 7,14-bis[2-[tris(1-methylethyl)silyl]ethynyl]dibenzo[b,def]chrysene 

(TIPS-DBC), a polycyclic aromatic hydrocarbon used in organic photovoltaics. These 

new TIPS-DBC/SWNT/FTO electrodes were then used as the working electrodes in 

dye-sensitised solar cell- (DSC) like photoelectrochemical cells. Addition of the TIPS-

DBC to the working electrodes significantly enhanced the photovoltaic performance 

of the cells, due to the photoresponse of the TIPS-DBC. The response of the cells was 

then tuned by controlling the concentration of TIPS-DBC solution used to deposit the 

TIPS-DBC layer, as well as by controlling the spin speed used during deposition. 

Following this procedure, the maximum power conversion efficiency (PCE) was found 

for these cells, outperforming previously reported DSCs using vertically aligned arrays 

of SWNTs as the main photoactive material. 

Aqueous dispersions of the non-ionic surfactant Tween-60 were found to be 

capable of producing surfactant-assisted exfoliated graphene dispersions containing 

few layer graphene. These dispersions were then vacuum filtered to make conductive 

films with highly reproducible optical transparencies and sheet resistances. By 

controlling the volume of dispersion filtered, the optical transparency of the films 

could be controlled, and two thickness regimes could be formed. In the thin regime, 

films were found to be non-continuous, leaving areas of exposed substrate, while in 

the thick regime continuous films with thicknesses on the order of hundreds of 

nanometres were formed. Both thin and thick films were then used to form graphene-

silicon (G-Si) Schottky junction solar cells, which were found to be highly durable. 

The effect of graphene film thickness on the photovoltaic performance of G-Si 

Schottky junction solar cells was then investigated, along with the effects of thermal 

annealing of the graphene films. Chemical doping with the common dopants nitric acid 
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and gold chloride was also investigated, with both found to have beneficial effects on 

cell PCE. 

 Aqueous dispersions of graphene oxide (GO) were vacuum filtered to produce 

thin GO films. These films were then deposited onto silicon substrates and annealed 

at a range of temperatures under forming gas, to produce RGO-Si Schottky junction 

solar cells. The effect of annealing temperature on cell performance was investigated, 

along with previously unseen beneficial aging effects observed at higher temperatures. 

The effects of RGO film thickness were then investigated using the optimal annealing 

temperature. The effects of chemical doping using both thionyl chloride and gold 

chloride were investigated both at different annealing temperatures and different RGO 

film thicknesses and these effects were compared with those of chemical doping on G-

Si Schottky junction solar cells. The effect of using different sources of GO for the 

RGO film production was also investigated.  
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Chapter 1 

Introduction 

 

Background	 information	relative	 to	 this	Thesis	 is	given	with	 focus	

upon	 three	 nanocarbon‐based	 materials,	 specifically	 carbon	 nanotubes,	

graphene	 and	 graphene	 oxide.	 The	 structure,	 properties,	 production	

methods	and	application	of	these	nanocarbon‐based	materials	is	discussed.	

Furthermore,	 background	 information	 on	 photovoltaics	 and	 the	

implementation	of	nanocarbon‐based	materials	in	this	field	is	discussed.	
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1.1 Overview 

The world’s total energy consumption has doubled over the past four decades, 

from 4,667 million tonnes of oil equivalent (MTOE) in 1973 to 9,301 MTOE in 2013 

[1]. Over this same time frame, the percentage of energy consumed as electricity has 

risen from 9.4 % to 18.0 % [1]. The International Energy Agency (IEA), projects 

electricity demand will further rise by more than 70 % by 2040 [2], driven in part by 

the push for universal access to energy and connecting the 1.2 billion people 

worldwide still without electricity by 2030 [3]. 

Given that coal, natural gas and oil still make up two thirds of the world’s 

electricity generation and their role in CO2 emissions, one may be forgiven for feelings 

of misgivings about these projections. However, there is growing recognition and 

commitment from governments around the world, recently highlighted by the adoption 

in 2015 of the Paris Agreement at the 21st Conference of the Parties to the United 

Nations Framework Convention on Climate Change (COP21/CMP11), that commits 

governments to develop policies to keep global temperatures “well below 2 ºC above 

pre-industrial levels and pursue efforts to limit the temperature increase to 1.5 ºC” and 

for global CO2 emissions to peak “as soon as possible” [4]. 

Encouragingly, according to the IEA, renewable sources of electricity had the 

fastest rate of expansion in 2014, contributing to nearly 45 % of net additions [5]. 

These renewable sources include hydroelectricity, biofuels, geothermal, wind, heat 

and solar photovoltaics [2]. Of these options, solar photovoltaics is a particularly 

promising area, due to the fact that there are no associated hazardous waste products 

(nuclear fission), encroachment of arable land (biofuels) or a large reliance on 

geographical locations (hydroelectricity, wind) [6]. With solar photovoltaics projected 

to have the second largest growth of renewable sources (behind onshore wind) [5], 

investigating new photovoltaic systems continues to be a highly relevant research 

priority. 

Keen scientific research into photovoltaic devices was generated by the first 

report in 1954 of a silicon p-n junction solar cell showing power conversion 

efficiencies of 6 % [7]. Since this time, a large variety of photovoltaic devices have 

been investigated, including but not limited to, thin film solar cells [8, 9], organic 

photovoltaics [10, 11] and dye-sensitised solar cells [12, 13]. Research to this day 

continues to explore a number of avenues towards producing cheap and efficient solar 
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cells for integration into the world’s electricity generation network, with photovoltaic 

systems containing nanocarbons in some aspect of their design becoming increasingly 

popular over the past decade.  

Graphene, itself a nanocarbon, is one of the most fundamental allotropes of 

carbon, consisting of a single two dimensional (2D) sheet of hexagonally packed sp2 

hybridised carbon atoms. A number of other nanocarbons, shown in Figure 1.1, can be 

obtained using, or considering, graphene as a building block, including zero 

dimensional (0D) buckminsterfullerenes, such as C60 [14], and one dimensional (1D) 

carbon nanotubes (CNTs) [15, 16]. Along with these nanocarbons, graphene also 

serves as the building block of the three dimensional (3D) graphite, with large numbers 

of graphene sheets AB stacking upon one another to form bulk graphite. A variety of 

graphene production methods use bulk graphite as a precursor and it can also be 

chemically modified to produce graphene oxide (GO) [17, 18], a further form of 

nanocarbon-based material. 

These nanoscopic forms of carbon hold a special appeal in that their nanoscopic 

dimensions lend them a number of remarkable physical and chemical properties, such 

as high conductivities and tensile strength. For example, the direction in which a 

graphene sheet can be considered to have been “rolled up” in the formation of a CNT 

can change the physical properties of the resultant tube from exhibiting semiconductor 

or metallic behaviour [19]. It is hoped that these properties, combined with the 

abundance of carbon as a raw material, and in some cases, energy efficient production 

methods, may lead to cheaper, more efficient solar photovoltaics which also have 

energy efficient production processes. As energy efficiency is forecast to play a key 

role in limiting global CO2 emissions while growing the global economy and moving 

towards universal energy access, efficient production processes are very worthy of 

consideration. 

This thesis presents work investigating several different types of nanocarbon-

based materials, viz. CNTs, graphene, and graphene oxide in several photovoltaic 

systems. In each of the applications, attention is paid to the potential and ability for 

scale-up and the low energy cost of the production methods, i.e., solution processing 

in atmospheric conditions. Each system was optimised according to a number of 

parameters arising from the production methods and the implications for further 

research are considered.  
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Figure 1.1: Two dimensional graphene as a building block for further nanocarbons, e.g., zero 

dimensional C60 (left) and 1 dimensional carbon nanotubes (middle), as well as three 

dimensional graphite (right) (adapted from [20]). 
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1.2 Carbon Nanotubes 

1.2.1 History and Overview 

Images of hollow carbon fibrils or filaments were published as early as 1952 

[21] and these structures continued to be investigated throughout the following 

decades [22, 23]. It was not until 1991 however, that Iijima’s [15] seminal report of 

“helical microtubules of graphitic carbon” prompted keen scientific interest in carbon 

nanotubes. In this paper, Iijima presented transmission electron microscopy (TEM) 

images of “microtubules of graphitic carbon” that were up to 1 µm long and consisted 

of between two to fifty sheets of carbon concentrically rolled around each other. 

Today, this is recognised as the first report of multi-walled carbon nanotubes 

(MWNTs). This report was closely followed by two independent papers published in 

Nature in 1993, by Bethune et al. [16] and Iijima and Ichihashi [24] describing CNTs 

with “single-atomic-layer” walls [16] and 1 nm diameters [24]; that is single-walled 

carbon nanotubes (SWNTs). 

Figure 1.2 shows that the popularity of CNTs amongst researchers grew 

exponentially since these early papers by Iijima and Bethune, with almost 50,000 

publications indexed by Scopus in the last five years alone (2011 – 2015). The majority 

of these publications are classified in the subject areas of materials science, physics 

and astronomy, engineering, and chemistry for reasons which will become apparent in 

the following sections detailing the structure and properties of CNTs and their myriad 

applications.     
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Figure 1.2: Publications per year containing carbon nanotubes in the title abstract or keywords 

as archived by Scopus up to and including 2015 (search query (TITLE-ABS-KEY (“carbon 

nanotubes”)), search performed 1 February 2016. 

1.2.2 Structure and Properties 

As alluded to previously, and depicted in Figure 1.1, CNTs are 1D objects, 

which can be conceptualised as rolled up sheets of hexagonally packed sp2 hybridised 

carbon atoms (graphene). If only one sheet of graphene is rolled up, the CNT is referred 

to as a SWNT. However, it is also possible to form tubes with two (double-walled 

carbon nanotubes (DWNTs)) or more walls, MWNTs. This conceptualisation of 

rolling up sheets of graphene is useful as it allows for the complete description of a 

SWNT’s electronic properties, as well as its physical properties except for length, 

following a method depicted in Figure 1.3. A chiral vector, Ch, can be defined along 

the graphene sheet, in the direction along which the sheet will be rolled to form the 

CNT such that: 

,  

Equation 1.1 

where a1 and a2 are the unit cell vectors of the carbon sheet and n and m are integers 

[25]. Ch can thus take on any value between two limiting cases, one where Ch is equal 
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to (n, 0), the red line in Figure 1.3, and two where Ch is equal to (n, n). The carbon 

atoms along the chiral vector form the circumference of the top of the CNT, with these 

two special cases commonly referred to as zigzag (n, 0) and armchair (n, n) nanotubes, 

as this is the pattern the carbon atoms will form when viewed perpendicular to the 

nanotube long axis, T. If known, Ch can thus also be used to determine the diameter of 

a CNT, with SWNTs having diameters on the order of 0.8 – 2 nm, and MWNTs 

typically between 5 – 20 nm [26]. 

The electronic properties of a CNT can also be elucidated by using the Ch. 

Indeed, for any CNT with a Ch of (n, m), if 

| | 3  

Equation 1.2 

where q is an integer, the CNT will be “metallic”, otherwise it will be semiconducting 

[27]. In reality, however, due to the curved nature of CNTs only armchair (n, n) 

nanotubes are truly metallic, with other metallic qualifying nanotubes exhibiting small 

chirality dependent energy gaps at low temperatures [27].  

Due to their unique structure and one-dimensional nature, CNTs exhibit a 

number of remarkable physical properties. For example, CNTs have been found to 

exhibit electron mobilities of up to 1 × 105 cm2·V-1·s-1 [28] and maximum current 

densities of 1 – 10 × 109 A·cm-2 [29] while also having thermal conductivities of 

between 2000 -  5000 W·m·K-1. Furthermore, MWNTs have displayed a Young’s 

modulus of 1 TPa and a tensile strength of 100 GPa [30]. CNTs are also known to be 

photoactive [31-35], which will be discussed in more detail in Section 1.6. These 

properties mean that CNTs have good potential for use in a myriad of applications, 

although due to the consequences of their production, practical CNT application has 

not flourished as much as had been anticipated when they were first discovered.  
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Figure 1.3: Diagram showing a graphene sheet, with a unit cell showing vectors a1 and a2 

along with a chiral vector Ch (green), denoting the direction along which the graphene sheet 

is rolled to form a carbon nanotube, with the vector T (dashed green) showing the direction of 

the long axis of the nanotube. The dashed red line shows a chiral vector in the (n, 0) direction, 

resulting in zigzag nanotubes, while the dashed blue line shows a chiral vector in the (n, n) 

direction, resulting in armchair nanotubes (adapted from [25]).       

1.2.3 Production Methods 

There are three main methods for CNT synthesis, viz. arc discharge, laser 

ablation and chemical vapour deposition (CVD) [36]. 

The arc discharge was the method used by Iijima in both his first MWNT [15] 

and SWNT articles [24], as well as Bethune et al. [16]. In arc discharge synthesis, a 

basic schematic of which can be seen in Figure 1.4, an electrical current is passed 

between two electrodes inducing electrical breakdown of a gas, such as helium, 

thereby generating a plasma [36]. The first electrode, the anode, generally contains a 

powdered carbon precursor and potentially a catalyst, while the cathode is usually pure 

graphite [37]. Catalysts are excluded from the anode for the production of MWNTs, 

while transition metal catalysts such as cobalt and nickel are commonly included for 

SWNT synthesis [36]. The generated plasma can cause carbon sublimation from the 
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anode, which can aggregate in the gas phase and eventually condenses on the cathode 

where it is collected and the produced CNTs recovered. This process can take place in 

either vapour or liquid phases [36] at a range of pressures (50 – 7600 Torr) [38], and 

generates high temperatures in the plasma in excess of 3000 ºC [38].  

 

Figure 1.4: Basic schematic of an arc-discharge system used for SWNT synthesis, showing an 

anode, containing the precursor and catalyst, and cathode present in a gas filled chamber 

(adapted from [37]). 

The synthesis of CNTs using laser ablation is quite similar to arc discharge and 

was first reported in 1995 by Guo et al. [39]. Rather than using electrical current, laser 

ablation uses a pulsed laser, such as a Nd:Yag or CO2 laser, to provide the energy 

necessary to cause sublimation of a graphite target containing catalysts such as nickel 

or cobalt [36]. Like arc discharge this production method generates high temperatures 

in excess of 3000 ºC and is capable of producing both SWNTs and MWNTs, although 

unlike arc discharge the process only occurs under vacuum at low pressures (200 to 

750 Torr) [38]. 

CVD synthesis of CNTs involves the catalytic decomposition of a hydrocarbon 

feedstock such as ethylene over a substrate seeded with metal catalyst particles that 

also act as nucleation centres for nanotube growth [36] (see Figure 1.5 for a schematic 

diagram). This method is highly versatile in that it can produce CNTs on a wide range 

of substrates from conductive surfaces such as silicon and copper to insulating surfaces 

Power 
Supply 

WindowGas Inlet Gas Outlet

AnodeCathode

Precursor & 
Catalyst



Chapter 1 |  | Introduction 

10 |  

such as silicon dioxide and glass [36]. As well as this potential substrate variety, CVD 

synthesis also allows for in situ atomic doping of CNTs [38]. For example, CNTs can 

be doped with nitrogen atoms by the addition of nitrogen containing feedstock gases 

such as ammonia [40] and amines [41]. There are a wide range of different types of 

CVD synthesis of CNTs such as water assisted [42], plasma assisted [43] and oxygen 

assisted [44] CVD, allowing for a wide range of operating conditions. CNT synthesis 

using CVD can occur at temperatures between 500 – 1200 ºC and at pressures between 

760 – 7600 Torr [38]. 

 

Figure 1.5: Basic schematic of a CVD furnace for CNT production (adapted from [45]). 

As can be seen, each of the three methods has advantages and disadvantages, 

with arc discharge and laser ablation producing good quality CNTs but requiring high 

temperatures, generally low pressures and being difficult to scale up, while CVD 

allows for synthesis on a range of substrates but producing lower quality CNTs with 

more impurities [38]. Furthermore, all three techniques generally produce CNT 

mixtures  with a wide range of chiralities, and due to the chemical inertness of the 

resultant nanotubes, practical application of CNTs typically require numerous further 

processing steps. 

 

1.2.4 Processing Methods 

One such early processing method for CNTs of particular interest for this 

Thesis, was a chemical process called “cutting”, in which as produced CNTs are 

ultrasonicated in highly acidic mixtures [46, 47]. In this process, CNTs are added to a 

3:1 mixture of concentrated sulphuric and nitric acid and ultrasonication induced 

cavitation leads to breakage sites along the CNT walls [46]. These breaks are then sites 

for oxidative attack by the acids present, leading to further scission of the nanotubes 
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and chemical functionalisation of the CNT ends and sidewalls with oxygen containing 

moieties, such as carboxylic acid groups [47]. Thus, this process produces a mixture 

of CNTs of various lengths, functionalised with numerous oxygen containing 

functional groups. As well as this functionalisation, the cutting process has also been 

shown to preferentially attack metallic CNTs, leading to a semiconductor enriched 

nanotube mix [48], useful for numerous electronic applications. After filtering the 

resultant tubes to remove any excess acid, they can be resuspended in a range of 

organic solvents, allowing for further solution processing of CNTs [49, 50]. 

There are a number of other methods for the dispersal of CNTs that do not 

require chemical modification of the nanotubes, allowing for both aqueous and organic 

CNT dispersions. Ultrasonication of CNTs in surfactant solutions can yield aqueous 

CNT dispersions, and this is possible with cationic, anionic, non-ionic and polymeric 

surfactants [51, 52]. For example, using anionic surfactants such as sodium dodecyl 

sulphate, aqueous dispersions of up to 20 mg·mL-1 can be obtained. Various polymers 

can also be used to disperse CNTs including block co-polymers [53] and aromatic 

polymers [54]. “Natural” agents such as sodium lignosulphonate [55] and single-

stranded DNA [56] have also been found to disperse CNTs in aqueous suspensions 

with the help of ultrasonication. Surfactant-assisted dispersions of CNTs have also led 

to advances in the separation of nanotube chiralities through a number of different 

methods including density differentiation [57], and gel chromatography [58, 59], with 

recent advances in this field working to improve the scalability of this technique.  

Numerous researchers have also focused on the ability to disperse and use 

CNTs without the need for extra molecules such as surfactants that may interfere with 

the CNTs’ desirable physical properties, or the need for ultrasonication which can 

cause damage to the walls of the nanotubes. One example of this approach is the use 

of superacids such as chlorosulphonic acid [60] which can make liquid crystal 

solutions with concentrations of up to 0.5 wt.% [61]. Another approach is the reduction 

of CNTs with alkali metals, which can be used to create “nanotubide” solutions, i.e., 

the nanotubes are negatively charged and dissolved within polar organic solvents [62]. 

Sodium naphthalide, for example, has been used to give SWNT Na+ solutions with 

concentrations of over 2 mg·mL-1 [63], while elemental sodium has recently been 

found to dissolve SWNTs in dimethylacetamide at liquid crystal concentrations of up 

to 4 mg·mL-1 [64]. 
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1.2.5 Application of Carbon Nanotubes 

While it is beyond the scope of this Thesis to describe every application of 

CNTs, a number of recent reviews and research papers highlight some of the breadth 

of CNT application. For example, CNTs have found applications in a wide variety of 

composite materials, including as conductive fillers or strength enhancers in plastics 

as well as in fibre composites and yarns [26]. Lawal [65] delivers a comprehensive 

review of CNT use in electrochemical biosensors, including among others, CNT-

inorganic nanocomposites as well as biosensors based on direct enzymatic attachment 

to CNTs. In the field of medical research, CNTs have not only been used in bio-

imaging [66], for example, through their intrinsic fluorescence properties or with 

fluorescent labelling, but have also been used for drug and gene delivery [67]. Due to 

the strength of CNTs, along with their high aspect ratios, MWNTs and SWNTs have 

also found success in the field of atomic force microscopy (AFM), where they can be 

attached to the tips of both normal and fast-scan AFM cantilevers, improving both 

resolution and wear resistance [68]. Finally, the use of CNTs in electron field emission 

has been reviewed comprehensively by Li et al. [69], who include examples of 

prototype applications for flat panel displays and x-ray generation using CNT field 

emission. 
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1.3 Graphene 

1.3.1 History and Overview 

The concept of a 2D sheet of hexagonally bonded carbon atoms was first 

introduced in 1946 in a theoretical consideration of the physical properties of graphite 

by Wallace [70] and this work was further refined over the following years and decades 

[71]. At the time, it was assumed that 2D monolayer graphene would not be stable in 

ambient conditions, rolling or folding itself into smaller networks like fullerenes or 

nanotubes due to the energy of their dangling bonds [72]. Indeed, early examples of 

“monolayer graphite” or single-layer graphite, produced for example by introduction 

of a polymeric intercalation agent and its subsequent removal showed folding 

behaviour [73]. Alternatively, single layer “films” grown by the reaction of carbon 

feed gases on surfaces such as Pt(111) [74] and TiC(111) [75, 76] showed numerous 

graphene-substrate interactions. 

Novoselov et al. [77] thus became the first to fully realise the potential of 

graphene when they isolated monolayer and few layer graphene (FLG) by mechanical 

cleavage of highly ordered pyrolytic graphite (HOPG) on an oxidised Si substrate, 

commonly referred to now as the “Scotch tape” method. The presence of the oxidised 

Si substrate allowed visual screening for mono- and few layer graphene under a 

microscope due to the slight colour contrast observed between the flakes and the 

underlying substrate [78]. Continuing to use this method, it was soon discovered that 

graphene exhibited unusual electronic properties, with its electrons acting as a two-

dimensional gas of massless Dirac fermions, and its anomalous integer quantum Hall 

effect [79].  

As Figure 1.6 shows, since these seminal papers the growth of graphene 

research has been exponential, with 2014 and 2015 each having almost 10,000 

publications containing graphene (and not graphene oxide) in the title, abstract or 

keywords. It should be noted that while the original papers by Novoselov and Geim 

would themselves not be included within this search, papers published relating to 

graphene prior to these papers mostly dealt with considerations of other nanocarbons 

such as fullerenes and nanotubes. 
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Figure 1.6: Publications per year containing graphene, and not graphene oxide, in the title, 

abstract or keywords as archived by Scopus up to and including 2015 (search query (TITLE-

ABS-KEY (graphene AND NOT "graphene oxide")), search performed 8 January 2016). 

1.3.2 Structure and Properties 

As has been previously mentioned, mono- or single layer graphene (SLG) 

consists of a single layer of hexagonally bonded sp2 hybridised carbon atoms. 

However, many also refer to multi-layer graphene (MLG), which generally consists of 

graphene sheets or flakes which have between 2 – 5 layers of graphene. These layers 

may Bernal, that is AB stack, upon one another, especially in the case of bi-layer 

graphene or in the case of MLG may exhibit random stacking [80]. Stacking order is 

important as it can drastically change the electrical properties of the graphene [81]. 

Adding yet further confusion, when multiple films of SLG are deposited one on top of 

the other, they do not re-stack AB and as such these composite films exhibit further 

different electrical properties [82, 83]. Thus, comparison of graphene films and their 

properties must always take into account both the number of layers of graphene present 

in a film, and the stacking order in which they are arranged. Given the large volume 

of graphene literature and the scope of this Thesis, here we briefly touch upon the 

properties of SLG, and later its production, but focus mainly on the production and 

applications of solution processed graphene. 
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Owing to its physical structure, SLG has a number of remarkable physical 

properties. It is the thinnest known material in the universe [84], and exhibits a number 

of relativistic and quantum mechanical effects. For example, charge carriers in 

graphene are found to resemble relativistic 2D massless Dirac fermions, governed by 

the Dirac equation [79]. Among the large number of effects that this has on pristine 

graphene’s electronic properties are that it exhibits an anomalous quantum Hall effect 

[79] while electrons also display the Klein paradox, whereby the probability of an 

electron tunnelling through an energy barrier reaches unity [85]. Electron mobilities 

of up to 200,000 cm2·V-1·s-1 have been recorded in suspended pristine single layer 

graphene [86], an order of magnitude higher than electron mobilities currently found 

in silicon based transistors [87]. 

Pristine graphene is also remarkably physically robust, despite its thinness. 

Monolayer graphene has been found to have a Young’s modulus of 1.0 terapascals, 

one of the highest values reported for known materials [88]. Monolayer graphene has 

also been found to be impermeable to a number of gases, including helium, which 

gives rise to a number of potential applications, including pressure sensing and 

ultrafiltration [89]. Indeed, it has recently been shown that SLG is impermeable to all 

materials other than electrons, hydrogen ions [90] and, to a lesser extent, deuterons 

[91]. 

Another useful property of graphene is its high optical transparency. Nair et al. 

[82] found that the drop in transmittance of white light through a monolayer sheet of 

graphene was equal to the product of π with the fine structure constant, or 2.3 %. 

Subsequent layers of graphene were found to reduce the transmittance by the same 

amount, up to a total of 5 layers. Graphene’s optical transparency, combined with its 

significant conductivity, has led to a large amount of interest in potential applications, 

ranging from transistors to photovoltaics. 

1.3.3 Production Methods 

Many techniques exist that can produce either single- or few layer graphene, 

or both, consisting of both top-down and bottom-up approaches. These approaches can 

be broadly categorised into three categories; they are micromechanical cleavage, 

chemical vapour deposition and solution processing. All of these approaches have 

advantages and disadvantages, generally related to either the quality of the graphene 

they produce, their throughput and scalability or both and these will be discussed in 
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the following sections, with special focus afforded to the solution processing 

techniques. 

1.3.3.1 Micromechanical Cleavage  

Pristine single- and few layer graphene can most reliably be produced what is 

commonly referred to as the “Scotch tape” method. This aforementioned method of 

micromechanical cleavage was used by Novoselov and Geim to prepare their original 

graphene samples [77, 78]. In short, free-standing mesas of HOPG were embedded in 

a photoresist, and Scotch tape was then used to repeatedly cleave off flakes of the 

HOPG until only thin flakes remained embedded within. These were then released by 

dissolving the photoresist in acetone and the flakes were subsequently deposited onto 

Si substrates which had 300 nm thick SiO2 layers on top, with the change in the optical 

path length of reflected light allowing graphene flakes of very few layers to be visible 

under an optical microscope. This visibility was key for further analysis of the flakes 

and confirmation of their one-dimensional nature. It also gives the ability to pick 

desired flakes for transfer to other substrates for device fabrication. For example, using 

wet methods [92], a polymer coating can be spun on top of the graphene and SiO2 

substrate, with the substrate subsequently etched away and the polymer dissolved in 

acetone, allowing the graphene flake to be “picked up” by a new target substrate. 

Alternatively, using dry methods [93], van der Waals forces can be used to transfer 

graphene from a SiO2 surface to a substrate with a higher affinity for graphene, such 

as boron nitride. While this approach remains the best technique for obtaining pristine 

monolayer graphene for fundamental research purposes [90, 91, 94-97], it lacks the 

high throughput and scalability required for applied research. 

1.3.3.2 Chemical Vapour Deposition  

Chemical vapour deposition (CVD) is a bottom-up approach that has been 

successful in making single- and few layer graphene in large quantities. Early work 

focused on Ni substrates [80, 98-100], but several other metal substrates such as Ru, 

Co, Au and Pt were also investigated [101]. While these substrates did produce areas 

of SLG, there were also substantial areas of bi-layer and few-layer graphene as well as 

crystal boundary issues.  Most success, however, has come with the use of Cu 

substrates, first reported in 2009 [102], which shows a much larger proportion of SLG 

than other substrates. Further refinement of Cu substrate growth conditions has seen 

significant process made, with single crystal SLG being grown with lateral size 
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dimensions of 5 mm [103], and claims of seamless stitching of single crystal domains 

up to 6 cm × 3 cm [104]. While these achievements are quite impressive and have a 

high potential for application and upscaling, there are still several drawbacks. Both Ni 

and Cu substrates generally require annealing at temperatures of up to 900 – 1000 ºC 

and growth conditions of up to 1000 ºC, and in the cases of some Cu growth 

conditions, low vacuum [105]. These conditions are very energy intensive and as such, 

the energy efficiency of applications made containing these graphene films will be 

low. On top of this, once grown on the target substrate, the films must still be 

transferred to the desired substrate, in most cases using wet transfer methods, a 

technique flaw shared with solution processed graphene. 

1.3.3.3 Wet-Chemical Exfoliation 

A less energy intensive route for single- and few layer graphene is the top-

down approach of liquid phase exfoliation of graphite into graphene, which has been 

studied since early 2008. As will be discussed in more detail later in this section, this 

technique does not produce high yield SLG like CVD, but it is similarly scalable for 

industrial settings. Secondly, the liquid phase exfoliation of graphite oxide into 

graphene oxide, which will be discussed in more detail in Section 1.4.2, produces 

numerous oxidative defects into the graphene lattice and subsequent reduction 

techniques cannot repair the graphene oxide to levels comparable to that of pristine 

graphene [106]. In response to these issues, two independent groups were the first to 

publish reports of the exfoliation of bulk graphite into single- and few layer graphene 

by ultrasonication of graphite in the organic solvents N,N-dimethylformamide (DMF) 

and N-methylpyrrolidone (NMP) [107, 108], the chemical structures of which can be 

seen in Figure 1.7. 

 

Figure 1.7: Chemical structures of the organic solvents (a) N,N-dimethylformamide and (b) N-

methylpyrrolidone. 

(a) (b)
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In the first report, Blake et al. [107] showed that ultrasonication of natural 

graphite in DMF, for periods over three hours, led to exfoliation of the graphite. After 

centrifugation, dispersions containing single- and few layer graphene flakes with 

submicron size dimensions were obtained, with the dispersions subsequently used to 

spray coat centimetre scale glass slides, producing transparent conductive films. This 

method was more thoroughly investigated by Hernandez et al. [108] who investigated 

the efficacy of 12 different organic solvents in exfoliating graphite. Hernandez et al. 

[106] theorised that the energy required to exfoliate graphene should be balanced by 

the solvent-graphene interaction for solvents whose surface energies match that of 

graphene, analogous to the similar exfoliation of SWNTs in organic solvents [109]. 

Using this approach, the solvent NMP was found to produce a SLG yield of ~1 wt%, 

relative to the initial concentration of graphite, and give dispersions of overall 

graphene concentrations of ~0.01 mg·mL-1. These dispersions were found to be stable 

for long time periods, up to several months, and in certain solvents, such as NMP, 

almost all flakes analysed after ultrasonication and centrifugation were found to be 

exfoliated to less than five layers. Indeed, 28 % of all flakes produced in NMP which 

were analysed under TEM were found to be monolayers. Raman analysis, combined 

with TEM and x-ray photoelectron spectroscopy (XPS) analysis, of films produced by 

filtration of the resultant dispersions showed that the graphene flakes were relatively 

free of basal plane defects, with the disorder bands observed in the Raman spectra 

found to be caused by the edges of the graphene flakes. 

This method was further expanded by Bourlinos et al. [110] who used 

perfluorinated aromatic solvents, such as pentafluorobenzonitrile, to disperse graphene 

at concentrations of up to 0.1 mg·mL-1. Hernandez et al. [111] also expanded on their 

own work by testing a further 28 solvents for their suitability for graphene exfoliation 

in 2009. The main motivation for this study was to determine whether solubility 

parameters could be used to determine ideal solvents for graphene exfoliation. 

Concentrations ranged from 0.16 ± 0.05 µg·mL-1 in the worst solvent (pentane) up to 

8.5 ± 1.3 µg·mL-1 in cyclopentanone, with greater than 70 % of the graphene 

remaining dispersed in good solvents after 250 hours. There was however a 

discrepancy between the ability of a solvent to disperse graphene and its ability to 

exfoliate FLG. For example, NMP was found to be the eighth best solvent tested in 

terms of dispersion concentration but the best when analysing the mean number of 

graphene layers per flake.  



Chapter 1 |  | Introduction  

  | 19 

Other solvents investigated for exfoliation and dispersion have included 

benzylamine, used to produce concentrations of ~0.5 mg·mL-1 [112] and ortho-

dichlorobenzene [113, 114], which has the advantage of being non-hygroscopic and 

not highly polar, when compared to popular solvents such as NMP. 

While these approaches were successful in producing single- and few layer 

graphene in their respective solvents, the yield was still quite low compared to the 

1 mg·mL-1 possible when exfoliating graphene oxide in organic solvents. The 

challenge of producing high concentration graphene dispersions was taken up by 

Coleman et al. [115] in two subsequent studies. In the first, they hypothesised that the 

amount of graphene exfoliated and dispersed was limited by the amount of energy 

added to the initial graphite/solvent system. Using low power ultrasonication baths, 

these initial solutions were ultrasonicated for up to 460 hours, resulting in graphene 

dispersions of up to 1.2 mg·mL-1 containing 4 wt/% SLG. It was found that the 

concentration of the final dispersion was proportional to the square root of the 

ultrasonication time, while the mean number of layers per flake was constant at ~3 for 

all times. In a further improvement [116], dispersion concentrations of up to  

63 mg·mL-1 were achieved by centrifuging dispersions after the initial ultrasonication, 

filtering the supernatant and subsequently re-dispersing the filtrate with 

ultrasonication. The final dispersions had between 3 – 4 layers per flake and were of 

comparable size dimensions to the previously reported methods. Such high 

concentration dispersions were found to be stable only over a period of days, although 

dispersions with concentrations of up to 26 – 28 mg·mL-1 remained stably dispersed 

“indefinitely”.  

Despite the large steps forward in terms of dispersion concentrations that had 

been achieved in solvent exfoliation, there were still problems that needed to be 

addressed. Chief among these was the ultimate usefulness of the graphene dispersions. 

Nearly all prior work conducted in solvent exfoliation had been performed in high 

boiling point solvents. As well as being generally expensive and toxic, their high 

boiling point meant that it was hard to use these dispersions for subsequent 

applications, as waiting for solvents to evaporate led to aggregation of graphene flakes 

into undesirable bulk crystallite structures. This problem was addressed by a number 

of groups, including O’Neill et al. [117] and Choi et al. [118]. O’Neill et al. [117] used 

three common low boiling point solvents, namely chloroform, isopropanol and 

acetone, to exfoliate graphite. While previous work had shown they were poor at 
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dispersing graphene (concentrations of 1-3 µg·mL-1 for all three solvents), all of their 

boiling points are well below 100 °C. By using the procedures honed by work with 

high boiling point solvents, the concentration of these dispersions was increased to 

0.1 – 0.5 mg·mL-1, with all flakes analysed having 7 or less layers, with a mean of 3.2 

layers per flake. The dispersions were also found to be quite stable, with 96 % of the 

original graphene dispersion stable after over 200 hours in isopropanol. Choi et al. 

[118] meanwhile used 1-propanol, which has a boiling point of 97 °C. While these 

dispersions were not as concentrated as those prepared by O’Neill et al. [115] 

(25 µg·mL-1 compared with 100 – 500 µg·mL-1), the lateral dimensions of the flakes 

were found to be up to 15 µm, which was an improvement. While the mean number of 

layers per graphene flake was poor (high) in these studies, their main advantage is that 

the low boiling point solvents were easily evaporated in ambient conditions, with no 

solvent residues left to contaminate the graphene samples, and very little flake to flake 

aggregation occurring. This would potentially allow for better processing and 

application of these dispersions when compared to the high boiling point solvents used 

to achieve higher ratios of SLG and FLG. More recently, however, numerous works 

have investigated the use of the high-boiling point NMP exfoliated graphene for use 

in ink-jet printing, with successful results [119, 120]. 

Surfactant assisted exfoliation of graphite to graphene is another top-down 

solution processing approach to the exfoliation of graphene. While the majority of 

solvent exfoliation techniques already discussed in this Section involved expensive 

solvents which require special care when handling and have high boiling points, 

aqueous surfactant solutions are cheap and easily processable. With this motivation, 

Lotya et al. [121] in 2009 used the common ionic surfactant sodium dodecylbenzene 

sulfonate (SDBS) to produce graphene dispersions with concentrations of up to 

0.05 mg·mL-1. Optimised dispersions contained 43 % FLG flakes with less than 5 

layers and an overall SLG yield of 3 %. Unlike solvent exfoliated graphene 

dispersions, these flakes had an effective charge due to the absorption of surfactant 

anions and as such the dispersions were stabilised in a manner consistent with DLVO 

theory. 

Green and Hersam [122] were able to selectively control the thickness of 

surfactant exfoliated graphene flakes using density gradient ultracentrifugation 

(DGU). Using the planar amphiphilic surfactant sodium cholate, natural flake graphite 

and horn sonication, graphene dispersions were produced. After centrifugation at 



Chapter 1 |  | Introduction  

  | 21 

15,000 rpm for one hour, the resultant supernatant solutions with concentrations in 

excess of 90 µg·mL-1 were stable for several weeks. These dispersions were then 

processed using DGU for 24 hours at 141,000 g, after which fractions of varying 

thicknesses, defined by the number of layers of graphene per flake, could be collected. 

Lotya et al. [123] expanded upon the sodium cholate method in 2010, using 

bath ultrasonication for extended periods of time of up to 400 hours, similar to their 

previously discussed solvent exfoliation approach. They found that the final dispersion 

concentration was dependent on the initial graphite concentration, surfactant 

concentration, centrifugation rate, and sonication time. Optimisation of these 

parameters resulted in maximum concentrations of up to 0.3 mg·mL-1. Unlike solvent 

exfoliated graphene though, it was found that the concentration of the dispersion did 

not scale with the square root of the sonication time and the size of the graphene flakes 

did not continue to decrease with increased sonication time. This was found to be likely 

due to surfactant slippage at the graphene/surfactant/water double surface reducing the 

amount of sonication induced scission. 

Other examples of ionic surfactant assisted exfoliation of graphene have come 

from Hasan et al. [114], who used sodium deoxycholate to produce polymer 

composites, Zhang et al. [124] who used pyrene derivatives to form aqueous 

dispersions, Vadukumpully et al. [125] who used cationic cetyltrimethylammonium 

bromide in glacial acetic acid to make dispersions which could then be filtered and 

resuspended in DMF solutions and Sampath et al. [126] who used diazaperopyrenium 

dications to intercalate natural graphite and then stabilise the exfoliated graphene 

sheets through electrostatic repulsion. 

One of the most successful examples of surfactant assisted exfoliation of 

graphene came from Guardia et al. [127] who performed a study to compare the use 

of ionic and non-ionic surfactants in the exfoliation of graphene, investigating nine 

different non-ionic and eight ionic surfactants. While not optimised, the concentration 

of surfactant solutions used was kept above the critical micelle concentration for all 

surfactants. Under these conditions, it was found that non-ionic surfactants generally 

outperformed ionic surfactants in dispersing high concentrations of graphene. Indeed 

the best non-ionic surfactants Tween-80 and Pluronic® P-123, the chemical structures 

of which can be seen contrasted with that of the common ionic surfactant SDBS in 

Figure 1.8, achieved dispersion concentrations of 0.5 – 1 mg·mL-1 compared with 

0.01 – 0.10 mg·mL-1 for ionic surfactants. This result led the authors to propose that 
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the steric repulsion provided by the hydrophilic part of the non-ionic surfactants 

extending into the water phase was more efficient at stabilising graphene sheets than 

the electrostatic repulsion provided by ionic surfactants. This explanation was also 

supported by Smith et al. [128], who found that steric stabilisation played a large role 

in the final concentration of non-ionic graphene dispersions. At the same time 

however, Smith et al. [126] also concluded that favourable water interaction with ether 

and acid groups along with possible electrostatic interactions are additive to this 

stabilisation.  

 

Figure 1.8: Chemical structures of the non-ionic surfactants (a) Pluronic® P-123 and (b)  

Tween-80 and (c) the chemical structure of the common ionic surfactant SDBS. 

These reports clearly show the potential for aqueous dispersions of surfactant-

exfoliated graphene. They are easy to produce, requiring little more than water, 

surfactant and an ultrasonicator and are easy to produce transparent conductive films 

through numerous methods capable of scale up. 
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1.3.3.4 Further Solution Processing Methods 

While not focused on during the work completed in this Thesis, there are a 

number of other solution processing techniques which can produce non-chemically 

modified graphene. For example, electrolytic exfoliation can be performed using 

suitable electrolytes [129] or intercalating agents [130]. Another approach is the 

exfoliation of expanded, and or intercalated, graphite through ultrasonication in 

suitable solvents [131, 132]. More recent efforts include using shear forces in the 

exfoliation process, either in NMP [133, 134], or surfactant-water solutions [134, 135].  

1.3.4 Applications of Graphene 

Early reports of solvent assisted exfoliated graphene focused on preparing 

conducting films [107, 108, 115], graphene-polymer composites [108, 114], or 

subsequent chemical modification of the suspended graphene flakes [110, 112, 113]. 

While these reports showed the potential of these dispersions to create conducting 

films and polymer composites, Hasan et al. [114] were the only ones to use their 

graphene-polymer composite in a functioning device, making a photonic device. The 

more recent examples of solvent assisted exfoliated graphene have shown application 

as fillers in glue [136] and as photocatalytic enhancers of ZnO degradation of dyes 

[137]. When using shear to help exfoliate rather than ultrasonication, solvent assisted 

exfoliated graphene has been used in an array of applications such as dye sensitised 

solar cell counter electrodes, capacitors and strain sensors [134]. Similarly, recent 

examples of solvent assisted exfoliated graphene used in ink-jet printing applications 

have been used to make heterostructure photodiodes [119] and transparent flexible 

films on polyethylene terephthalate [138]. 

Early reports of surfactant assisted exfoliated graphene also focussed almost 

exclusively on preparing vacuum filtered films [121, 122, 124, 139] to produce either 

transparent conducting or thicker composite papers [123, 127]. More recently, 

surfactant assisted exfoliated graphene has been used to make TiO2 composites for 

photocatalytic NOX removal [140], graphene-manganese oxide hybrid supercapacitors 

[141], catalytic graphene-metallic hybrid nanoparticles [142], as electrode enhancers 

[143] and as an additive for water-based lubricants [144].  
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1.4 Graphene Oxide 

1.4.1 History and Overview 

Another solution processing method of graphene production commonly found 

in the literature is the use of chemically reduced graphene (CRG) [145]. This method 

involves the heavy oxidation of graphite into graphite oxide, which can then be 

dispersed into aqueous solutions. These dispersions contain flakes of graphene oxide 

of varying thicknesses, including single layer graphene oxide. The GO can then either 

be further processed into films before reduction to CRG or reduced while in solution 

and then used in further applications. 

Methods for the production of graphite oxide have been known since the work 

of Brodie [17] in the mid-nineteenth century, while it is also acknowledged by Geim 

[146], that the earliest known observation of atomically thin sheets of chemically 

reduced graphene was reported by Boehm et al. in 1962 [147, 148]. It is generally 

accepted [149] that the production of GO is ubiquitously performed using modified 

versions of methods of either Brodie [17], Hummers and Offeman [150] or 

Staudenmaier [18] (itself a modification of the Brodie method) with these methods 

discussed in more detail in Section 1.4.2. 

While atomically thin sheets of reduced graphene oxide may have been 

observed decades earlier, a search of the literature shows that since the first report of 

graphene in 2004, publications including graphene oxide in their title, abstract or 

keywords have grown exponentially, as seen in red in Figure 1.9. Interest in graphite 

oxide also grew in the same time period, with publication numbers in the single digits 

in the years from 1950 onwards increasing to the hundreds in the mid 2000’s, as seen 

in blue in Figure 1.9. Unlike GO however, this interest appears to have waned in more 

recent years. 
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Figure 1.9: Publications per year containing graphene oxide, or graphite oxide, in the title, 

abstract or keywords as archived by Scopus up to and including 2015 (search query (TITLE-

ABS-KEY("graphene oxide")) and (TITLE-ABS-KEY ("graphite oxide”)), searches 

performed 15 January 2016). 

1.4.2 Production Methods 

The Hummers’ method was published in 1958 by Hummers and Offeman 

[150]. Motivated by the time consuming and hazardous nature of previous production 

methods of graphite oxide, such as those reported by Brodie [17] and Staudenmaier 

[18], they reported a method of oxidation of graphite using an anhydrous mixture of 

sulphuric acid, sodium nitrate and potassium permanganate. This method took less 

than two hours to perform, however it required over two litres of concentrated 

sulphuric acid to oxidise 100 grams of graphite, along with copious dilution (up to 14 

litres) with water. Also, while technically less hazardous than Brodie’s method, the 

Hummers’ method still generates toxic gases due to the use of sodium nitrate. 

Modified Hummers’ methods typically involve extending the oxidation of 

graphite in sodium nitrate, potassium permanganate and concentrated sulphuric acid 

for up to five days to increase the oxidation and intercalation of the graphite [151, 
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152]. These modified methods however still generate the toxic gases associated with 

the Hummers’ method due to the presence of sodium nitrate.  

The graphene oxide produced during these methods is finally filtered, and after 

copious rinsing with water, a filter cake of GO is produced. These GO cakes can either 

be redispersed in water via ultrasonication to produce aqueous GO dispersions, or 

dried to produce GO powders for further applications. 

Marcano et al. [153] developed a method for the production of graphene oxide 

which excluded sodium nitrate and therefore did not generate any toxic gases. This 

method involved the addition of graphite to a 9:1 mixture of concentrated sulphuric 

acid to phosphoric acid, and potassium permanganate, followed by stirring of the 

mixture for 12 hours. It was found that this method was much more efficient at 

producing GO from the starting graphite material and that the product was still as 

easily reduced as GO produced using the Hummers’ or modified Hummers’ methods 

[153]. 

Examples of other GO production methods include the unzipping of carbon 

nanohorns to form GO [154], using graphite produced from cokes of petroleum and 

coal derivatives [155], large scale GO production in continuous stirred tank reactors 

[156] and “eco-friendly” Hummers methods that leave out NaNO3 [157]. Despite these 

“new” methods however, the modified Hummer’s approach remains the gold standard, 

with modifications such as those mentioned previously focusing on incremental 

improvements, rather than new techniques [149]. 

1.4.3 Structure and Properties 

The structure of graphene oxide is still subject to some debate within the 

literature, owing in part to the difficulties involved with characterising its irregular 

structure [149]. The Lerf-Klinowski model [158, 159] is currently the generally 

accepted model [160], but new models are still being proposed [161]. Briefly, the Lerf-

Klinowski model shows a random, non-repeating structure, containing regions of 

aromatic benzene rings, along with aliphatic six membered rings. Throughout the GO 

flake in non-aromatic regions there are hydroxyl and ketone groups, as seen in Figure 

1.10(a & b). This model also proposes that there is a small number of carboxylic acid 

groups present on the edges of the GO basal plane, although as can also be seen in 

Figure 1.10(b), these are sometimes left out of structures “for clarity”. Other models, 

such as the Zsabo-Dakeny model however, reject the presence of carboxylic acid 
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groups, and present a repeating structure of cyclohexanes and flat hexagons, 

functionalised with various oxygen moieties such as tertiary hydroxyls, ketones and 

quinones, as seen in Figure 1.10(c). 

  

Figure 1.10: Two different chemical structures proposed by Lerf and Klinowski; (both from 

[149]) (a) carboxylic acid groups are present on the edges of the basal plane, while they are 

absent in the model proposed in (b), with (c) showing the repeating structure of the Zsabo-

Dakeny model ([161]). 

What is not under debate, however, is that the introduction of the oxygen 

containing moieties seen in Figure 1.10 destroys the pristine aromatic nature of the 
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graphene sheet. This results in a large amount of disorder in the sp2 network, as sp3 

bonding is introduced throughout the basal plane and edges of the graphene sheets. 

This disruption of the pure graphene lattice results in a large decrease in the 

conductivity of graphene oxide, when compared to pristine graphene. Gómez-Navarro 

et al. [162] reported that the conductivity of graphene oxide sheets before reduction 

was 1 – 5 × 10-3 S·cm-1, a value close to that of an insulator. Similarly, Stankovich et 

al. [163] reported conductivities of graphene oxide films ranging from  

10-4 – 10-3 S·m-1, while Gilje et al. [164] found that the sheet resistance of graphene 

oxide films was approximately 4 × 1010 Ω·square-1.  

Disruption of the aromatic carbon sheet with oxygen moieties does however 

bring several processing advantages, that were recognised quite early in the post-

graphene boom of research [106]. GO can be dispersed in water quite readily, with 

commercial suppliers offering aqueous dispersions containing 80 % single layer GO 

of concentrations up to 6 mg·mL-1 [165]. Furthermore, GO can also be stably dispersed 

in organic solvents such as ethylene glycol, DMF and NMP for extended periods at 

concentrations of up to 0.5 mg·mL-1 [166], while the chemically reactive oxygen sites 

allow for chemical modification of the GO flakes to allow for stable dispersions in 

organic solvents such as DMF at concentrations in the 1 mg·mL-1 range [167]. 

1.4.4 Reduction of Graphene Oxide 

A variety of methods have been reported in the literature that aim to reduce 

graphene oxide in order to restore the conjugated electronic nature of graphene and 

thus increase the conductivity of the resultant material [106, 168, 169]. These methods 

include chemical reduction using reagents such as hydrazine [170], thermal reductions 

[171], a combination of chemical and annealing methods [172], or more unique 

techniques such as electrochemical methods [173]. 

Hydrazine reduction of graphene oxide [174] is a very common technique used 

to prepare films of reduced graphene oxide (RGO) for a variety of purposes. This 

technique is popular as it results in increases of several orders of magnitude in the 

conductivity of thin films of RGO, as reported in the aforementioned papers by 

Gómez-Navarro, Stankovich and Gilje et al. [162-164]. Other reducing agents that 

have been used to reduce GO include sodium borohydride (NaBH4) [175], borane 

(BH3) [176], hydroiodic acid (HI) [177]. Although large increases in conductivity can 

be achieved through the chemical reduction of GO, it does not completely remove all 
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traces of oxygen within the sample. Indeed, while hydrazine treatment removes 

hydroxyl and epoxy groups present on the basal plane of the GO, edge groups, such as 

carboxylic acids, remain [178]. Another drawback to the use of hydrazine, its 

derivatives, such as dimethylhydrazine [179], is that they are highly flammable, 

explosive, toxic by inhalation, ingestion and contact with the skin and toxic to aquatic 

organisms, which gives rise to environmental concerns. One potential work around to 

these issues is the use of “nature based” reagents for the reduction of GO with vitamins 

such as vitamin C [180, 181], along with saccharides and amino acids to name a few 

[182]. 

Thermal reduction of graphene oxide is another more environmentally 

friendly, albeit energy intensive, technique used to prepare samples of reduced GO for 

a variety of purposes. Thermal reduction can lead to the removal of oxygen from a 

large majority of the basal plane of graphene, although as per hydrazine reduction, 

oxygen containing groups are still left on the edges of the graphene [183]. 

Unfortunately, the best results in terms of the reduction of oxygen present and the 

increased conductivity of resultant films of reduced graphene are generally obtained 

at high temperatures, often in excess of 500 °C [183, 184]. For example, thermal 

reduction taking place in ultra-high vacuum conditions (UHV), at temperatures in 

excess of 900 ºC was found to produce the highest C1s/O1s ratio upon XPS analysis 

when compared with heat treatment in inert (Ar)  or reducing (forming gas, Ar/H2) 

atmospheres [185]. Thermal annealing in a reducing atmosphere, such as forming gas, 

has been found to significantly increase the conductivity of RGO films, but the effect 

is most significant at temperatures above 700 ºC [186]. Another more novel technique 

is thermal reduction followed by the introduction of a carbon feedstock at temperatures 

in excess of 800 ºC, which then promotes CVD “repair” of the films, leading to very 

low sheet resistances [187, 188]. The elevated temperatures of all these techniques, 

however, rule out the use of certain substrates, in particular plastics, and as such these 

processes can be detrimental to device design. 

Other less common techniques have also been used to reduce graphene oxide 

to form films of RGO. Electrochemical techniques have seen the reduction of GO 

using a number of different electrodes and surfaces [173, 189, 190], while microwave 

assisted reduction [191], solvothermal reduction [192] and UV-Vis assisted TiO2 

photocatalytic reduction [193] have all been found to successfully reduce GO to some 

extent.  
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1.4.5 Applications of Graphene Oxide 

GO and RGO have found use in a myriad of applications due to their ease of 

processing and ample opportunities for chemical modification. While the full breadth 

cannot be covered within the scope of this Thesis, this section details a number of 

current reviews which summarise a wide range of applications across a number of 

fields. A wide ranging review by Li et al. [194] reviews the use of GO and RGO for 

the chemical and physical storage of hydrogen, photocatalytic water splitting, cathode 

and anode enhancement in lithium ion batteries, improving supercapacitors and 

GO/RGO composites for water purification. Filtration applications of GO and RGO 

have also been reviewed in terms of desalination applications [195] as well as the 

improved antimicrobial and antifouling properties of GO/RGO containing desalination 

membranes [196], and nano- and ultra-filtration and forward osmosis [197]. GO and 

RGO have also found applications in gas sensing, with reviews by Gupta Chatterjee et 

al. [198] focusing on toxic gas sensing, and Toda, Furue and Hayami [199] also 

including water vapour, H2 and organic vapour sensing in their review. A large number 

of catalytic applications have been investigated with GO and RGO, with reviews 

focusing on the use of metal-free catalysis using GO [200], GO as a platform/tether 

for catalytic species [200], and metal nanoparticle hybrid catalysis [201]. Finally, GO 

and RGO have found a number of uses in the biological and medical fields, being used 

for biological imaging and sensing such as photoluminescence [202], 

chemiluminescence, and electrochemiluminescence [203] as well as in cancer 

therapeutics, such as photothermal and photodynamic therapy and drug delivery [204]. 
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1.5 Introduction to Photovoltaics 

The most ubiquitous photovoltaic system in the eyes of the public is that of the 

crystalline silicon heterojunction solar cell [205]. While this may be the limit of the 

layman’s appreciation of “solar cells”, there are a vast number of other alternatives 

that use a wide variety of materials to convert sunlight into electrical energy [206]. 

These include so-called III-V cells such as GaAs thin film cells [207], thin film 

chalcogenide cells such as CuInGaSe2 cells [208], polymer containing organic thin-

film solar cells [209], dye sensitised solar cells [210] and, more recently, perovskite 

thin-film solar cells [211]. 

While the exact operating mechanisms of how these solar cells are able to 

harvest light energy for power production is beyond the scope of this Thesis, the way 

in which these cells are tested and their performance reported is both consistent and 

relevant. In general, to test the photovoltaic performance of a solar cell, the cell is first 

exposed to a light source while connected to an external circuit containing a source-

measurement unit. This source-measurement unit applies a potential to the cell that is 

then swept across a defined range while measuring the current that is generated within 

the circuit. If the active area of the cell, that is the area that is actively participating in 

photocurrent generation, is known, the current output can be converted to current 

density, allowing for the production of a current density-voltage (J-V) curve, an 

example of which can be seen in Figure 1.11. By measuring J-V curves, comparisons 

between cells with different active areas can be made if the conditions used during 

their testing, such as temperature and the profile of light being used, are identical. 

Although a J-V curve is generally taken across a set voltage range such as  

-1 V – 1 V, the main quadrants of interest are either the second or fourth quadrant. 

Within these quadrants the photocurrent being generated is in the opposite direction to 

the applied voltage and hence power is being generated by the cell. Measuring a  

J-V curve allows one to determine three key points which can be used to summarise 

the photovoltaic performance of a solar cell, with these points depicted on the example 

J-V curve in Figure 1.11. The first point of interest is the short circuit current density 

(JSC), which is the current the cell produces at zero bias. The second point of interest 

is the open circuit voltage (VOC) of the cell, which is the voltage that occurs within the 

cell when there is no net current flow throughout. The third point of interest is the 

maximum power point, which occurs at (VMP, JMP). 
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These three points can then be used to help define the fill factor (FF) of the cell 

using the following equation:  

FF
J V
J V

 

Equation 1.3 

FF is the ratio of the maximum power generated by the cell (VMP × JMP) to the 

maximum potential power that could be generated by the cell (VOC × JSC) and is a 

measure of the “squareness” of a cell’s J-V curve.  Graphically, this can be seen in 

Figure 1.11 as the ratio of the light grey rectangle bounded by the origin and the cell’s 

maximum power point to the dark grey rectangle bounded by the origin and the straight 

lines passing through the cell’s VOC and JSC. Ideally, a solar cell would continue to 

produce a current density equal to that of its JSC across the whole positive bias range 

until it reached its VOC, producing a perfectly rectangular J-V curve, but due to a 

number of reasons, including charge recombination, this does not occur in practical 

solar cells. 

With its JSC, VOC and FF known, the power conversion efficiency (PCE) of a 

cell can be determined using the following equation [212]: 

η
J V FF

Is
 

Equation 1.4 

where η is the PCE of the cell measured in percent, JSC is measured in mA·cm-2, VOC 

is measured in V, FF is the fill factor of the cell and IS is the intensity of the incident 

light measured in mW·cm-2.  

The J-V curve seen in Figure 1.11 was obtained from a cell being measured 

under 100 mW·cm-2 light. As such, this example curve shows a cell with a JSC of 

1.42 mA·cm-2, VOC of 0.466 V and a maximum power point occurring at (0.306 V, 

0.878 mA·cm-2). Using Equation 1.3, the FF of the cell is 0.41 and thus using Equation 

1.4, its PCE is 0.27 %. These parameters will be used throughout Sections 1.6 - 1.7 

and Chapters 3 – 5 in order to draw comparisons between the photovoltaic 

performance of different types of solar cells, viz. CNT containing 

photoelectrochemical solar cells, and carbon-silicon solar cells. 
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Figure 1.11: An example J-V curve, showing the maximum power point at (VMP, JMP) as well 

as the short circuit current density, JSC, and open circuit voltage, VOC. Also represented are the 

areas of the rectangles bounded by the origin and the maximum power point (light grey) and 

the origin and the maximum theoretical power point (dark grey). 
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1.6 Carbon Nanotubes in Dye-Sensitised Solar Cells 

1.6.1 History and Overview 

The archetypal dye-sensitised solar cell (DSC) was first reported by O'Regan 

and Grätzel [213] in 1991. Figure 1.12(a) shows a schematic for a generalised DSC 

design, showing the numerous design components [214]. While there have been some 

changes to this generalised scheme since the DSCs inception, this model is very useful 

for developing an understanding of their construction and operating mechanisms. The 

first main component of a DSC is the photoanode (shown on the left of the cell), which 

generally consists of a glass substrate with a transparent conducting oxide (TCO) layer 

such as fluorinated tin oxide (FTO) or indium tin oxide (ITO). On top of this TCO, a 

micron sized layer of a semiconductor such as mesoporous TiO2 nanoparticles is 

deposited. Once deposited, this mesoporous TiO2 is sensitised with a layer of dye 

molecules, for example, transition metal complexes like the ruthenium based dyes N3 

and N719. The second component of the DSC is the counter electrode (CE) (shown on 

the right of the cell), which again generally consists of a TCO covered glass substrate, 

coated with a thin layer of platinum. To complete the DSC, the photoanode and CE 

are sealed together and the final component, a redox electrolyte, is back-filled through 

the CE, filling the void between the two electrodes [214]. In the first generation of 

DSCs, the redox electrolyte consisted of a mixture of I2 and an iodide species dissolved 

in an organic solvent. Triiodide (I3
-) is formed in the electrolyte by the following 

equilibrium reaction: 

I I ⇌ I  

Equation 1.5 

Figure 1.12(b) shows the energy level diagram for this generalised DSC design 

[215]. When light is incident on the DSC through the photoanode, a dye molecule (SO 

in Figure 1.12(b)) can absorb photon and excite an electron from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), 

leaving the dye molecule in an excited state (S*). The excited electron can then get 

injected into the n-type TiO2 scaffold, where it is conducted to the TCO layer and into 

the external circuit, leaving the dye in a cationic state (S+). Once the electron has 

passed through the load of the external circuit it arrives back at the platinised CE. Here, 
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the platinum layer of the CE can catalyse the reduction of the I3
- in the redox electrolyte 

by the following equilibrium equation: 

I 2e ⇌ 3I  

Equation 1.6 

The I- produced as a result of Equation 1.6 occurring at the CE then diffuses 

across the cell to the photoanode whereby it undergoes a series of redox reactions with 

the dye cation, ultimately regenerating the dye to its original state (SO) and reforming 

I3
-, which is then able to diffuse back across the cell to the CE. With the dye 

regenerated, it is again able to absorb incident photons, and the cell is in this way able 

to continue producing photocurrent while it is illuminated. Finally, as seen in Figure 

1.12(b), the maximum possible VOC of these cells is determined by the difference in 

potentials between the Fermi level of the TiO2, which sits just below the TiO2 

conduction band edge, and the potential of the I-/I3
- redox couple [216]. 

 

Figure 1.12: (a) Schematic showing a generalised dye-sensitised solar cell design (from [214]) 

with (b) depicting a generalised energy level diagram for a dye-sensitised solar cell showing 

the direction of electron flow within the cell and the external circuit (modified from [215]). 

Since O’Regan and Grätzel’s first DSC paper [213], there has been a plethora 

of methods proposed for improving the photovoltaic performance of DSCs. These 

include molecular engineering of new dyes, changing the semiconductor present on 

the photoanode, electrolyte modification including changing the redox couples and 

using solid state electrolytes, and changing the composition of the CE. For a 

comprehensive review on the alternatives that have been investigated in the first two 

decades since the O’Regan and Grätzel, readers are encouraged to view 

Hagfeldt et al.’s comprehensive 2010 review [214]. 
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With an understanding of the operating mechanism of DSCs it is clear that the 

addition of CNTs to a number of areas could result in improvements to cell PCE [217]. 

For example, CNTs may be used to replace the TCOs in the photanode and CE, as a 

scaffold or additive for the semiconductor layer of the photanode, as a replacement 

catalytic coating for the CE or as a photoactive material themselves. Indeed, the 

following sections will explore some of these potential CNT applications in more 

detail. 

1.6.2 Carbon Nanotubes as a Replacement for Transparent 

Conducting Oxide Layers 

CNTs have been used in a number of different ways to replace the TCO layer 

present on both the photoanode and the CE of DSCs. For example, nitrogen doped 

CNTs, in conjunction with a layer of pure CNTs, have been used to replace the 

traditional FTO/Pt CE [218], with a Pt/CNT hybrid material TCO free CE found to be 

almost as effective as the normal platinised CE [219]. It has also been found that CNT 

films covered with a thin TiO2 recombination-blocking layer can replace the TCO 

layer in the photoanode of a DSC [220]. Alternatively, multiple groups have also used 

CNTs to replace TCOs on flexible plastic substrates, in both the CE [221] and the 

photoanode of ZnO DSCs [222, 223]. Furthermore, CNTs have also successfully been 

used as counter electrodes in more recent fibre-, or wire-shaped, DSCs [224-226]. 

These fibre-shaped DSCs eschew the normal planar DSC design, instead incorporating 

a titanium fibre that is sensitised with dye, with the counter electrode wrapped around 

the wire.    

1.6.3 Carbon Nanotubes as a Catalytic Replacement for Platinum 

A more successful approach to incorporating CNTs into DSCs involves using 

them to replace the platinum layer on the CE [227], first demonstrated by Suzuki et al. 

[228]. MWNTs have frequently been shown to be good candidates for replacing 

platinum, either by themselves [229, 230]  or as composites [231]. Similar to one of 

the aforementioned TCO replacement systems, nitrogen doped CNTs, this time 

decorated with cobalt or nickel nanoparticles, have also been shown to have good 

catalytic activities when used in I-/I3
- based DSCs [232].  

1.6.4 Carbon Nanotubes within the Photoanode 
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Much work has also investigated the effect of adding CNTs into the 

semiconductor layer present on the photoanode of DSCs, as the CNTs should help 

increase the electrical conductivity and provide more direct routes for injected 

electrons to reach the TCO and hence the external circuit [233]. Both MWNTs [234, 

235]  and SWNTs [236-238] have been used in this approach, with both showing good 

potential. For example, a photoanode made through deposition of a mixed MWNTs-

TiO2 solution demonstrated a PCE of 10.29 % [235], while a photoanode made with 

TiO2 coated semiconducting SWNTs that were also decorated with TiO2 particles 

demonstrated a PCE of 10.6 %, the best PCE achieved to date with a SWNT/TiO2 

composite electrode [237].  

1.6.5 Carbon Nanotubes as the Photoactive Material 

Prior to 2010, there were very few examples in the literature in which CNTs 

were used as the photoactive material in photoelectrochemical cells using the typical 

DSC architecture. Using electrophoretically deposited SWNTs to form a working 

electrode in a photoelectrochemical cell, Barazzouk et al. [33], achieved photocurrents 

of approximately 8 µA·cm-2 and photovoltages of only 12 mV. Although these 

photovoltages are below the thermal voltage at room temperature (~26 mV), they 

exhibited a reproducible on/off effect when repeatedly exposed to light over a 10 min 

period. Later, Kongkanand et al. [239], used electrophoretically deposited SWNTs as 

a scaffold for unsensitised TiO2 particles, achieving larger photocurrents of 

approximately 50 µA·cm-2. Wei et al. [240] used a gel-centrifugation method to 

prepare high purity semiconducting SWNTs. Vacuum filtration was then used to 

prepare thin films containing the high purity semiconducting SWNTs and unsorted 

SWNTs. These random films were then deposited onto ITO substrates and used as the 

working electrode in a photoelectrochemical cell. Although the photocurrents 

produced were less than 1 µA, the photocurrent produced when using semiconducting 

SWNT films was up to 35 % higher than cells made with unsorted SWNT films [240].  

Bissett and Shapter [35], however, recognised that the random nature of 

electrophoretically deposited or vacuum filtered CNT networks was undesirable for 

the efficient transport of charge from the site of photon absorption to the TCO layer of 

the substrate. As such, they proposed to use a chemical attachment method [49, 241] 

to produce vertically aligned arrays of SWNTs on an FTO substrate, thereby reducing 

electron-hole recombination and increasing photocurrent. This method exploits the 
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carboxylic acid groups present on the ends and sidewalls of the acid “cut” SWNTs 

described Section 1.2.4, creating ester bonds between a hydroxylated substrate and the 

SWNTs, resulting in vertically aligned SWNTs on the substrate.  

Using this method, Bissett and Shapter produced a cell with a SWNT/FTO 

working electrode and a platinised FTO CE, using a standard I-/I3
- electrolyte, as 

shown in Figure 1.13(a). Cells made with these SWNT/FTO working electrodes 

showed a rapid photoresponse upon illumination of less than 200 ms, produced solely 

by the SWNTs. It was found that modifying the attachment time and the “cutting” time 

of the SWNTs could tune the photovoltaic performance of the cells. Despite this tuning 

however, the maximum JSC observed in the cells was 4.7 µA·cm-2, lower than previous 

efforts. Although the cells did produce larger VOCs of 40 mV, their FFs were still low 

(approximately 0.3) and hence their PCE was found to be 4.7 × 10-5 %, orders of 

magnitude below the PCE found in conventional DSCs. The authors did note though, 

that considering the very low amount of photoactive material present on their working 

electrodes compared to conventional DSCs that the results were indeed promising. 

This work was further expanded upon by the Shapter group in the following 

years, investigating the sensitisation of these SWNT electrodes with dendrons [242] 

and conventional DSC dyes [50], as well as the effect that using different types of 

CNTs had on cell performance [243]. Tune et al. [50] used the same chemistry as 

Bissett and Shapter to chemically attach SWNTs to ITO substrates, which were then 

sensitised by the covalent attachment of the conventional DSC dye N3, as seen in 

Figure 1.13(b). Following the attachment of one layer of SWNTs, the CNT networks 

were built up by resubmerging the SWNT/ITO substrate into an appropriate SWNT 

solution containing a linker molecule, ethylenediamine. This allowed amide bonding 

between CNTs, resulting in a larger network of SWNTs that could then be 

functionalised with N3 dye, as seen in Figure 1.13(c). It was found that increasing the 

number of SWNT layers increased the JSC of the cells (2.0 µA·cm-2 for one 

layer to 4.9 µA·cm-2 for five layers), while slightly decreasing the VOC (47 – 43 mV). 

Addition of N3 dye to each layer also improved the JSC of the cells (2.8 µA·cm-2 for 

one layer of sensitised SWNTs to 6.2 µA·cm-2 for five layers of sensitised SWNTs), 

while decreasing VOC (43 – 36 mV). Both increasing the size of the SWNT network 

and sensitising the network resulted in slight increases of FF (from 0.28 to 

approximately 0.32), although the cells still remained at PCEs comparable to those of 

Bissett and Shapter. 
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Similar improvements were observed when polyamidoamine (PAMAM) 

dendrons were “grown” on SWNT/FTO electrodes, via ethylenediamine attachment to 

the SWNTs [242]. With optimised dendron growth, a JSC of approximately 14 µA·cm-

2 and VOC of approximately 43 mV was achieved, although again, the maximum FF 

observed was 0.31. Bissett et al. [243] also investigated whether CNT type could be 

used to improve the performance of these cells, comparing chemically attached 

SWNTs and MWNTs with CVD SWNTs and MWNTs. Ultimately, it was found that 

chemically attached CNTs vastly outperformed their CVD counterparts and that in 

both cases SWNTs performed better than MWNTs. 

While these studies displayed very low PCEs when compared with 

conventional DSCs, the improvements observed in photovoltaic performance after 

sensitisation with other photoactive molecules showed good promise for further 

research. Chen et al. [244] further improved the use of aligned CNTs in 

photoelectrochemical cells by sensitising MWNT fibres with N719 dye. These 

sensitised fibres were deposited on an FTO electrode which was then used as the 

working electrode for the photoelectrochemical cell. The aligned nature of the 

MWNTs comprising the fibre led to much higher values of PCE than previous works, 

with a maximum PCE of 4 % achieved [244]. This fibre-based design became the 

template for the fibre-shaped DSCs discussed in Section 1.6.2 [224-226]. 
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Figure 1.13: (a) Cell design for Bissett and Shapter's CNT DSC, with a photocathode 

consisting of chemically attached SWNTs to a FTO substrate (modified from [35]) and (b) 

The dye-sensitised photocathode of Tune et al. showing covalent attachment of dye to SWNTs 

covalently attached to an ITO substrate, with (c) showing how the SWNT network can be built 

up by covalent attachment of SWNTs to an existing layer of SWNTs and then sensitised 

(modified from [50]).  
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1.7 Carbon-Silicon Solar Cells 

1.7.1 History and Overview 

Carbon-silicon photovoltaics have been investigated as potential alternatives 

to p-n silicon photovoltaics for the past two decades. Initial interest focused on the use 

of amorphous carbonaceous thin films, which could be produced on n-type silicon by 

CVD of carbon feedstocks such as 2,5-dimethyl-p-benzoquinone [245] and camphor 

[246]. Following this approach, interest increased in nanocarbon films, with C60 being 

investigated on p-Si and n-Si substrates [247, 248]. However, as thin films of C60 are 

insulating, focus quickly moved to doping via ion-implantation, which causes the 

breakdown of C60 and formation of conducting amorphous carbonaceous films. Both 

p- and n-type doping was investigated, with phosphorous ion implantation of C60 on 

p-type silicon [249] and boron implantation of C60 on n-type silicon [250]. Control of 

ion implantation depth was also investigated as a means of improving the low 

efficiencies of these cells (generally <1 %), in order to create p-i-n solar cells  [251], 

although this did not significantly improve efficiencies. 

Nanocarbon-silicon photovoltaics have further developed in the last decade 

with the advent of carbon nanotube-silicon (CNT-Si) heterojunctions [252]. The first 

of these heterojunctions was developed by Wei et al. [11], who used CVD to grow a 

DWNT film. This fim was then suspended in distilled water and picked up on a pre-

patterned n-type silicon substrate to create a p(CNT)-n(Si) junction, with a power 

conversion efficiency (PCE) of 1.31 %. SWNTs were soon used in the design [253, 

254], and recent progress has seen the effect of chiralty mixing also investigated [255]. 

It was also found that chemical doping of the CNTs improved the PCE of the cells, 

with SOCl2 doping seeing an increase in PCE to [253] and acid doping with HNO3 

leading to a PCE of 13.8 % [256]. Further investigations have changed the architecture 

of the cells for example, by adding conductive polymers [257], anti-reflection layers 

[258] or polymer interlayers between the CNTs and Si substrate [259]. The most 

successful architecture modification however was achieved by evaporating a layer of 

molybdenum oxide (MoOx) onto the CNTs before the deposition of a gold front 

electrode [260]. This metal oxide layer acted as an antireflection coating, carrier 

dopant and carrier transport layer, increasing the PCE of the cells to 17.0 %, the highest 

published to date (albeit with an active area of 0.008 cm-2) [260, 261]. 
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While the exact mechanism by which these CNT-Si heterojunctions function, 

that is, whether they are Schottky or p-n junctions [64, 262] or metal-insulator-

semiconductor junctions [263], is still debated, several of the CNTs’ roles are clear. 

Importantly, the CNTs act as transparent conducting electrodes, transporting holes that 

are generated at the CNT-Si interface. However, these holes are generated as a result 

of charge separation at the CNT-Si interface, which is generated in part by the presence 

of the CNTs. 

1.7.2 Graphene–Silicon Solar Cells 

Graphene-silicon (G-Si) solar cells are a more recent example of carbon-silicon 

solar cells, first reported by Li et al. [264] in 2010, who investigated their potential as 

solar cells. Figure 1.14(a) shows a schematic of Li et al.’s [264] cell, with a schematic 

view showing the direction of charge flow in Figure 1.14(b) and a photograph of a the 

completed cell in Figure 1.14(c). These cells were produced by transferring CVD 

graphene sheets (GS Figure 1.14(b)) onto pre-patterned n-type silicon (n-Si) 

substrates. These n-Si substrates had a 300 nm oxide (SiO2) layer, which serves as 

insulation between the graphene and the silicon, and, the top gold electrode and the 

silicon. By using photolithography and hydrofluoric acid (HF) etching, a window of 

exposed n-Si can be obtained. Following this etching, the gold front electrode and 

Ti/Pd/Ag back electrodes were sputtered onto the SiO2 surface and exposed n-Si 

respectively. Finally, the graphene sheet can be transferred to the top of the cell, 

forming an interface with the exposed n-Si, which defines the active area, and the Au 

front electrode. 
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Figure 1.14: (a) A schematic of the first graphene-silicon Schottky junction solar cell, (b) a 

cross-sectional view of the cell, including direction of electron and hole flow and (c) 

photograph of the assembled cell (modified from [264]). 

Despite the ambiguity described in Section 1.7.1 regarding the operating 

mechanisms of CNT-Si heterojunctions, Li et al. [264] described these cells as being 

Schottky junctions, and the description has been accepted [265]. A Schottky junction 

may be formed when a metal is brought into contact with a semiconductor if the work 

function of the metal is sufficiently larger than the work function of the semiconductor 

[266]. Figure 1.15(a) shows the energy band diagram at thermal equilibrium of a 

graphene-n-type silicon Schottky junction, where graphene acts as a metal. When the 

graphene is brought into contact with the n-Si, the Fermi levels (EF) of the two 

materials become pinned to each other causing band bending in the n-Si, with electrons 

flowing from the n-Si into the graphene. This flow of electrons generates a depletion 

region in the n-Si with an in built potential (Vbi), seen in Figure 1.15(a), along with a 

Schottky barrier (Fbn). In the ideal case, the height of this Fbn is equal to the difference 

between the work function of the graphene (FG) and the electron affinity of the n-Si 

(cSi). 

Forward biasing a G-Si Schottky junction will cause the EF of the n-Si to be 

shifted upwards, as seen in Figure 1.15(b). When this forward biased cell is under 

illumination, as is the case in Figure 1.15(b), then light with energy equal to that of the 

bandgap of silicon (i.e., hn = Eg) can generate an exciton, with an electron from the 

valence band (EV) of the n-Si promoted to the conduction band (EC) of the n-Si, leaving 
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a hole in the EV. The Vbi caused by the depletion region is then able to separate the 

exciton, driving the electron into the external circuit, with the hole transported away 

by the graphene, as depicted in Figure 1.15(b). Thus, similarly to the CNTs in CNT-

Si heterojunctions, the graphene in these G-Si Schottky junctions functions not only 

as a transparent conducting electrode, but also as a key component in the ability to 

separate charge within the system. 
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Figure 1.15: The energy band diagram (a) at thermal equilibrium of a graphene-silicon 

Schottky junction in the dark and (b) of a forward biased graphene-silicon Schottky junction 

under illumination, where FG and FSi are the work functions of graphene and silicon, cSi is the 

electron affinity of silicon, Eg is the bandgap of silicon, EC is the conduction band energy of 

silicon, EV is the valence band energy of silicon, EF is the Fermi level, Fbn is the Schottky 

barrier height, Vbi is the built in potential barrier and Vbias is the forward bias potential  

(modified from [264]). 
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The solar cells produced by Li et al. [264] showed promising photovoltaic 

properties, with JSCs of between 4 – 6.5 mA·cm-2, VOCs of between 0.42 – 0.48 V and 

FFs of between 0.45 – 0.56, leading to a PCE of 1.3 % under AM 1.5 illumination. 

While not performing as well as previous amorphous carbon-silicon solar cells or 

CNT-Si heterojunction solar cells, these cells nonetheless showed good potential 

future work along with good stability, retaining their performance over a two month 

period.  

One early form of modification to this G-Si architecture was to replace the 

planar n-Si at the interface with a nanowire or pillar array [267-269]. These nanowire 

or silicon pillar arrays can be fabricated through either chemical etching [267] or 

plasma etching respectively [268, 269]. Using these nanostructured interfaces, the 

solar cell reflectance is decreased, and the distance that electrons and holes must travel 

before collection is also reduced. This architectural modification saw improvements 

to the PCE of the cells, despite the smaller “true” active area of the cells due to the 

nanowire configuration. Further architectural modifications made to the G-Si solar cell 

have included using conductive polymers such as poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) on top of the graphene-silicon pillar array 

interface [269], where it acts as a more efficient hole transport layer, placing polymers 

interlayers such as poly(3-hexylthiophene) (P3HT) between the G-Si interface [270], 

where the P3HT can act as both a hole transport layer and an electron blocking layer, 

or growing insulating carbon interlayers on the n-Si to act as both an insulating layer 

and surface pacifier [271]. 

Another more obvious form of modification to the G-Si system is modulating 

the number graphene layers present over the active area, as the number of layers of 

graphene is directly related to the FG [272, 273]. Ihm et al. [274] were the first to 

specifically investigate the effect that the number of layers of graphene had on the 

photovoltaic parameters of G-Si solar cells, albeit in a system using p-type silicon (p-

Si) substrates rather than the normal n-Si. Although they used layer-by-layer stacking 

of CVD grown SLG, they found that the FG increased as the number of layers 

increased, but due to their use of p-Si the VOC and PCE of the cells decreased. Indeed, 

using n-Si Li et al. [275] found that as the work function of CVD graphene increased 

as the number of layers increased from one to six, the VOC of their G-Si solar cells 

increased, indicating that the Vbi of the Schottky junction also increased. However, the 

JSC, and hence PCE, of the cells was maximised at a graphene thickness of four layers, 
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as further increases in thickness decreased the optical transmittance limiting the 

amount of photons incident on the G-Si interface. Interestingly, it has also been found 

in n-Si systems that despite its lower sheet resistance and similar optical transparency, 

G-Si solar cells made with five layers of layer-by-layer stacked SLG are still 

outperformed by G-Si solar cells made with five to seven layer thick SLG  [276].    

Significant research has also been directed towards enhancing the photovoltaic 

performance of G-Si Schottky junction solar cells via chemical doping methods. The 

first chemical dopant to be reported was thionyl chloride (SOCl2) [267], a dopant 

commonly used in CNT-Si heterojunction solar cells [252]. As well as SOCl2 [277], 

gold chloride (AuCl3) [278, 279], bis(trifluoromethanesulfonyl)amide 

[((CF3SO2)2NH)] (TFSA) [280, 281], silver nanoparticles [282], and exposure to 

HNO3 vapour [269, 276, 277, 283, 284]. Generally, all of these dopants cause an 

increase in cell PCE by two somewhat interrelated methods. Firstly, the dopants cause 

p-type doping of the graphene, which causes an increase in FG, hence increasing Vbi 

and in turn the VOC of the cells. This p-doping of the graphene also serves to decrease 

the sheet resistance which in turn increases the JSC of the cells and these two factors 

combined lead to significantly increased cell PCEs. Several studies did however find 

that the JSC of G-Si cells made with FLG films was slightly decreased upon doping 

with HNO3 [276, 277] and SOCl2 [277] although in all instances these decreases 

accounted for a less than 5 % change in JSC. Despite its frequent use as a chemical 

dopant for G-Si systems, HNO3 doping is not stable over time [271], although its effect 

can be recovered with re-exposure of the cells to HNO3 vapour [285]. AuCl3 is 

generally seen as a more stable dopant [271], with reductions in cell performance as 

little as 10 % over a period of two weeks [279]. Finally, chemical doping methods can 

also be used in conjunction with antireflection coatings. In these cells, colloidal TiO2 

solutions are used to deposit anti-reflection layers on top of the graphene with both 

HNO3 [285] and AuCl3 [286] then being used to dope the cell. This approach, when 

used in conjunction with optimising the thickness of the native oxide layer present 

between the graphene and silicon at the interface has led to the current record PCE for 

G-Si Schottky junction solar cells of 15.6 % by Song et al. [286]. 

It is worth noting that all of the G-Si investigations discussed in this section 

have so far been carried out exclusively using CVD graphene, with no work conducted 

on solution processed G-Si Schottky junction solar cells.   



Chapter 1 |  | Introduction 

48 |  

1.7.3 Graphene Oxide–Silicon Solar Cells 

While G-Si solar cell research has expanded considerably since 2010, there has 

comparatively little investigation into GO-Si or RGO-Si solar cells. A small number 

of papers have investigated GO or RGO heterojunctions with silicon for either solar 

cell [287-291] or photo-sensing applications [292, 293]. These photovoltaic 

applications have been undertaken using both n-Si [287-289] and p-Si [290, 291], with 

GO or RGO taking the place of graphene in the same architecture as seen in G-Si solar 

cells. Similar to G-Si solar cells, to date the best photovoltaic performance has been 

achieved with n-Si substrates (PCE of 0.31 %) [288]. Although not purely GO- or 

RGO-Si solar cells, GO has also been used as an interlayer, additive, or both, in hybrid 

organic-silicon heterojunctions, to great effect [294, 295]. Liu et al. [294] first used 

GO as an interlayer, first depositing a thick GO layer, the top of which was then plasma 

reduced leaving a RGO-GO-Si junction. This produced a PCE of 6.62 %, much higher 

than any reported RGO-Si junction. They then used a thinner layer of GO as an 

interlayer between PEDOT:PSS and Si, producing a PEDOT:PSS-GO-Si interface, 

which achieved a PCE of 8.09%. Finally they produced a PEDOT:PSS:GO composite 

and did away with the GO interlayer, achieving a PCE of 10.7 %, slightly higher than 

Tang et al. [295] who achieved a PCE of 10.3 % while also using PEDOT:PSS:GO 

composites. 

The mechanism behind RGO-Si solar cells photovoltaic performance is again 

generally considered to be Schottky in nature [288-290], analogous to the G-Si 

mechanism discussed in Section 1.7.2. Thus, the difference in the work functions of 

RGO and n-Si causes Fermi level equilibration and band bending in the n-Si, with a 

corresponding depletion region set up at the RGO-Si interface. The photovoltaic 

performance of RGO-Si solar cells has to date not been as successful as either the 

organic-Si heterojunctions mentioned earlier, or as early CVD G-Si solar cells. They 

are often plagued by low JSC (maximum of 4.28 mA·cm-2 [287]), low VOC (maximum 

of 0.3 V [288]) and low FF (maximum of 0.35 [288]), leading to a current record PCE 

of 0.31 %. This low photovoltaic performance may be due to a number of factors, 

including poor work function engineering, large sheet resistance of the RGO films 

(several kΩ·square-1 to 745 kΩ·square-1 [287, 288]), poor optical transparency of the 

RGO films (30 – 35 % [288]), or a combination of all three. While Zhu et al. [288] did 

investigate the effect of thermal annealing on the photovoltaic performance of their 

RGO-Si cells, to date no work has investigated the effect that chemical doping might 
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have on photovoltaic performance, despite its ability to both tune the work function of 

RGO and also decrease its sheet resistance. 
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1.8 Motivation 

It is clear that for world electricity consumption to continue to increase, without 

a concomitant increase in CO2 emissions, existing photovoltaic systems should be 

improved, in conjunction with other renewable energy sources. While these 

improvements may lead to increases in the maximum PCEs achieved, increasing the 

energy efficiency of their production is also a worthy goal. 

Given their remarkable physical properties and the ability to use solution 

processing for their deposition and application, nanocarbon-based materials such as 

CNTs, graphene and graphene oxide present an obvious route for trying to increase 

both PCE and energy efficiency of current solar cell designs. 

In this regard, the preceding literature review identified several areas that could 

be investigated including: 

- The addition of photoactive molecules onto SWNT/FTO working electrodes 

for photoelectrochemical cells. 

- Using solution processed, rather than CVD, graphene to make G-Si Schottky 

junction solar cells. 

- Investigating the effects of annealing and chemical doping on RGO-Si 

Schottky junction solar cells. 
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1.9 Thesis Outline 

This Thesis consists of: 

- An experimental methods and materials chapter (Chapter 2), containing a 

brief overview of the common experimental techniques used throughout 

the Thesis and their expected results along with experimental methods that 

are common to more than one chapter. 

 

- A chapter detailing the enhanced photovoltaic performance of a CNT 

photoelectrochemical solar cell following the addition of a polyaromatic 

hydrocarbon, found in organic solar cells, to the SWNT/FTO working 

electrode (Chapter 3). 

 

- A chapter detailing the surfactant-assisted exfoliation of graphene and the 

subsequent use of this aqueous graphene dispersion to form G-Si Schottky 

junction solar cells (Chapter 4). These cells are optimised by tuning the 

thickness of the graphene films used to make them, along with thermal 

annealing and chemical doping. 

 

- A chapter detailing the effects of thermal annealing and chemical doping 

on RGO-Si Schottky junction solar cells (Chapter 5). Comparisons 

between thermal annealing effects seen previously in the literature are 

made, along with the novel effects seen after chemical doping. These 

effects are compared and contrasted with those seen with the G-Si Schottky 

junction solar cells of the preceding chapter. 

 

- A concluding chapter (Chapter 6), summarising the results found and their 

implications for further research. 
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2.1 Experimental Methods 

2.1.1 Graphene and Graphene Oxide Film Fabrication 

Graphene and graphene oxide films with an area of 0.18 cm2 were prepared for 

device fabrication while an area of 0.50 cm2 was used for all other measurements. To 

form graphene and GO films, the respective dispersions were filtered through mixed 

cellulose ester (MCE) membranes (0.45 µm, HAWP, Millipore, USA). The UV-Vis 

transmittance at 550 nm of the resultant graphene films can be controlled by varying 

the volume of graphene or GO dispersion (mL) filtered per unit area of the final film 

(cm-2). The amount of dispersion used to produce each film was controlled such that 

films of varying transmittances were produced for each purpose (sheet resistance 

measurements or solar cells etc.). These films were then rinsed thoroughly with MilliQ 

water before their application. 

2.1.2 Nanocarbon-Based Materials-Silicon Solar Cell Fabrication 

See Figure 2.1 for a cutaway schematic of the final solar cell architecture.  

Phosphorous doped n-type silicon wafers (CZ, 1-20 Ω·cm, <100>, ABC GmbH, 

Germany), polished on one side and with a 100 nm thermal silicon oxide layer were 

used for device fabrication. UV lithography was used to define holes (area of 0.08 cm2) 

in the sputtered front metal contacts (Ti/Au 5 nm/145 nm) which were then used as a 

mask for buffered oxide etching (BOE) (6:1 40 % NH4F: 48 % HF) of the oxide layer. 

Nanocarbon-based material (graphene or GO) films were deposited by placing the 

circular nanocarbon-based material-MCE membranes nanocarbon-based material side 

down over the etched hole. The membranes were wetted with MilliQ water, and a 

Teflon sheet placed on top of the membrane. The assembly was then compressed with 

a glass slide and baked at 80 °C for 15 min and then allowed to cool and subsequently 

immersed in acetone to dissolve the MCE, leaving a tightly physisorbed nanocarbon-

based material membrane on the silicon/gold substrate. The oxide layer on the back of 

the silicon was then etched using BOE and an electrical contact was made between the 

silicon and a stainless steel back electrode using eutectic gallium indium (eGaIn, 

Sigma-Aldrich, Australia), consistent with the works of Tune et al. in their CNT-Si 

heterojunction cells [1-4]. Following assembly, the nanocarbon-based material-Si 

interface was etched by pipetting 2 % HF (diluted from 48 % HF, Sigma-Aldrich, 
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Australia) onto the surface for 90 s before rinsing with MilliQ water and ethanol and 

drying under flowing nitrogen.  

 

 

Figure 2.1: Cutaway schematic of nanocarbon-based material-Si solar cell. 

2.1.3 Doping of Nanocarbon-Based Material-Silicon Solar Cells 

The solar cells were doped using 3 different protocols. (1) Cells were doped 

with thionyl chloride (SOCl2) by pipetting 2 drops onto the nanocarbon-based material 

films and allowing it to evaporate in a fume hood, (2) cells were doped with nitric acid 

(HNO3) (70 %, Sigma-Aldrich, Australia) by exposing them to concentrated nitric acid 

vapour for 2 min and (3) cells were doped with gold chloride (AuCl3) (99 %, Aldrich, 

Australia) by dynamic spin coating (30 s at 3000 rpm) of AuCl3 dissolved in ethyl 

ether (10 mM). 

2.1.4 Film Annealing 

All thermal annealing was performed in a tube furnace under a forming gas 

atmosphere (1:20 H2:Ar) for 2 h. Annealed films for non-solar cell related 

measurements were prepared by annealing the nanocarbon-based material films on 

glass. Annealed cells were prepared by annealing nanocarbon-based material-Si 

substrates in the same tube furnace conditions prior to back BOE etching. 

2.1.5 Characterisation 

UV-Vis spectra of nanocarbon-based material films on glass slides (deposited 

analogously to the previously described film deposition on silicon) were scanned over 

the range 300 – 850 nm with a resolution of 1 nm using a Varian Cary 50G 

spectrophotometer. 

 Raman spectra were collected with a WITec α300R microscope using a 40× 

objective (NA 0.9) and a 532 nm laser operating at constant power for each spectrum 
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up to a possible maximum of 60 mW. Raman spectra were collected with an 

integration time of 6 s and 10 accumulations.  

Sheet resistance measurements were taken from nanocarbon-based material 

films on glass using a four-point probe (KeithLink) in linear geometry and a 

multimeter (GDM-8261, GW Instek).  

Atomic force microscopy (AFM) images were acquired in air using a Bruker 

Dimension FastScan AFM with Nanoscope V controller, operating in tapping mode. 

Silicon cantilevers (MikroMasch) with a fundamental resonance frequency of between 

300 and 400 kHz were used. Images were obtained using a scan rate of 1 Hz with the 

set point, amplitude, and feedback control parameters optimised manually for each 

sample. The images presented have been flattened using NanoScope Analysis v1.4 

software. 

2.1.6 Nanocarbon-Based Material-Silicon Solar Cell Testing 

After cell assembly, unless otherwise noted, the nanocarbon-based material-Si 

interface was treated with 2 % HF (diluted from 48 %, Sigma-Aldrich, Australia) to 

remove any native oxide layer that had grown back on the Si during the assembly 

process, and the first J-V test after this step was denoted as the 0 h test. Current-voltage 

data was collected using a Keithley 2400 SMU instrument and recorded using a custom 

LabView Virtual Instrument program. Cells were illuminated by collimated 

100 mW·cm-2 light from a xenon-arc source passed through an AM1.5G filter with the 

irradiance at the sample plane being measured with a silicon reference cell (PV 

Measurements, NIST-traceable calibration). J-V curves were obtained by scanning 

from 1 V to -1 V. 

J-V curves were also obtained after doping with SOCl2, HNO3 and AuCl3. The 

first J-V test immediately after doping was denoted as the 0 h test, with the cell 

performance immediately prior to doping presented as a “negative time” value for 

comparison.  
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2.2 Characterisation Techniques 

2.2.1 UV-Vis Spectroscopy 

UV-Vis spectroscopy is a technique in which light, generally ranging in 

wavelength from 200 – 800 nm, is passed through a sample containing an analyte of 

interest and the intensity of the remaining light (I) at each wavelength is measured [5]. 

As the initial intensity of the light (I0) is known, the transmittance (T) of the sample at 

any wavelength can be defined as: 

T
I
I

 

Equation 2.1 

The transmittance is often reported as percent transmittance (%T) which is 

calculated by multiplying the transmittance by 100. The %T allows one to quickly 

determine how much light at each wavelength can pass through the sample 

uninhibited. Alternatively, the amount of light attenuated, or absorbed, by a sample 

can be defined as its absorbance, A: 

A log T 

Equation 2.2 

When light of a certain wavelength passes through a sample, it will experience 

a decrease in intensity that is proportional to the sample’s thickness and the 

concentration of the analyte [5]. A measure of this effect can be determined using the 

following equation known as Beer’s Law: 

A αlC 

Equation 2.3 

where α is the analyte’s absorption coefficient (measured in cm-1·concentration-1), l is 

the path length of light through the sample (in cm) and C is the concentration of the 

analyte (in mg·mL-1). The absorption coefficient α can be thought of as the probability 

that the analyte will absorb a photon of a given energy and thus is generally reported 

for a specific wavelength [5]. 

Vertically aligned arrays of CNTs chemically attached to TCO substrates 

generally show very little UV-Vis absorbance, unless the networks are built up via 

repeated ethylenediamine CNT linking [6], as seen in traces A-E of Figure 2.2(a). 
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Graphene (Figure 2.2(b)) as well as GO and RGO films (Figure 2.2(c)) display broad, 

featureless UV-Vis spectra throughout the UV-Vis region of 800 nm to approximately 

600 nm. As the wavelength of light continues to decrease from 600 nm, the %T of 

these films begins to decrease, as chromophores present in their chemical structures 

begin to absorb photons. In graphene films, this involves the → ∗ electronic 

transition of carbon-carbon double bonds, and in GO and RGO films also includes the 

→ ∗ transition of carbon-oxygen double bonds and the 

 → ∗transition of carbon-oxygen double bonds [5]. Figure 2.2(b) reports the %T of 

SLG films layered on top of each other at 550 nm. This convention of transparent 

conducting film research, while not giving explicit transmittance details across the 

entire visible spectrum, allows for easy comparison between samples and literature 

reports [7]. Figure 2.2(d) also shows how the absorption coefficient of surfactant-

exfoliated graphene can be determined. As previously described, the absorption 

coefficient is wavelength dependent, with 660 nm being the generally accepted 

convention for solution processed graphene [8]. For example, Lotya et al. [9] produced 

an aqueous dispersion of graphene by ultrasonication of flake graphite in an SDBS 

solution and vacuum filtration was used to determine the concentration of this 

dispersion in µg·mL-1. This dispersion was then used to make a series of dilutions. The 

UV-Vis absorbance at 660 nm of these dilutions divided by the path length of their 

cuvette was then plotted against the concentration of the dispersions. It can be seen 

from Equation 2.3 that the slope of a linear regression of this data will give the 

corresponding absorption coefficient of the original aqueous graphene dispersion, 

which in this instance was found to be 1390 mL·mg-1·m-1.  
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Figure 2.2: (a) Typical UV-Vis absorbance spectra of SWNT networks chemically attached to 

ITO substrates, with increasing absorbance corresponding with increasing size of the network 

(traces A-E) (modified from [6]) , (b) UV-Vis percent transmittance spectrum of CVD SLG 

graphene sheets stacked on top of each other (modified from [10]), (c) UV-Vis transmittance 

of GO and RGO films reduced using thermal annealing (modified from [11]) and (d) example 

calculation of the absorption coefficient at 660 nm of exfoliated graphene using the surfactant 

SDBS (modified from [9]).      

2.2.2 Raman Spectroscopy 

Raman spectroscopy studies the scattering of light by a sample of interest. 

When a photon of light of energy ћωL is incident on a sample, two types of scattering 

interactions are possible, viz. elastic and inelastic scattering. In elastic scattering, also 

known as Rayleigh scattering, the photon may be briefly absorbed by the sample, 

exciting an electron from the ground state into a “virtual state”, as seen in Figure 2.3(c). 

However, this virtual state is a forbidden energy level and the photon is quickly emitted 

by the sample, with the same incident frequency ωL, returning the electron to its 

original ground state (again Figure 2.3(c)) [12]. 
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However, in inelastic scattering, or Raman scattering, the frequency of the 

scattered photon, ωSc, is different to that of the incident photon. This can occur in one 

of two processes. In the first, more common, process called the Stokes process, the 

incident photon, ћωL, again excites an electron-hole pair, e-h. This electron-hole pair 

however then decays into a phonon of energy ћΩ and a new electron-hole pair e-h′. 

When e-h′ recombines, the scattered photon will have a lower frequency, ωSc, than the 

incident light, ωL, and the electron finishes in a vibrational state higher than its original 

ground state (see Figure 2.3(a & c)). In the less common process of anti-Stokes 

scattering, the excited electron may start in a vibrational state higher than the ground 

state of the sample (Figure 2.3(c)) or absorb a phonon, ћΩ, after excitation (Figure 

2.3(b)). In either case, the scattered photon emitted after the recombination of e-h′ has 

a higher frequency, ωSc, than the initial photon [12]. 

Finally, non-resonant Raman scattering is the name given to these processes 

when the excited energy levels of e-h do not correspond to allowed electronic states, 

as in the left hand side of Figure 2.3(c). If the excited states do correspond to allowed 

electronic states though, such as in the right hand side of Figure 2.3(c), the intensities 

of the scattered light are greatly enhanced and the process is said to be “resonant”[12]. 

Graphene’s zero bandgap results in all energy states being resonant at all wavelengths 

of incident light making Raman a particularly powerful investigative tool [13], while 

in SWNTs resonance can be caused due to careful selection of wavelength as well as 

SWNT’s unique density of states [14], allowing for relatively easy Raman 

spectroscopy of both systems. 

To produce a Raman spectrum a laser, typically with a wavelength between 

500 – 650 nm, is shone on the sample of interest and both the intensity and frequency 

of the scattered photons is measured. The intensity of the scattered light is then plotted 

as a function of the “Raman shift”, that is, the difference of the incident and scattered 

photon frequencies, generally reported in wavenumbers (cm-1).  
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Figure 2.3: (a) Stokes scattering of an incident photon with frequency ωL that excites an 

electron-hole pair e-h. This electron-hole pair then decays into a phonon, Ω, and another 

electron hole pair e-h′, which recombines, emitting a scattered photon of lower frequency ωSc, 

(b) anti-Stokes scattering, whereby a photon with the same frequency ωL is excites an electron-

hole pair that then absorbs a phonon, Ω, resulting in the electron-hole pair e-h′. When this 

electron-hole pair recombines, the scattered photon emitted has a higher frequency ωSc, (c) 

graphical representation of resonant and non-resonant Rayleigh, Stokes and anti-Stokes 

scattering (from [12]).    

Raman spectra of CNTs have a number of typical Raman features, both first- 

and second-order, that can be observed in Figure 2.4(a) [14]. Although there are slight 

differences to the composition and shape of some of these features between metallic 

and semiconducting CNTs, the general position of the features remains the same across 

tube types. The lowest wavenumber first-order peak observed in the Raman spectra 

presented in Figure 2.4(a) is a SWNT signature feature, called the radial breathing 

mode (RBM). This feature corresponds to the vibration of carbon atoms in the radial 

direction of the tube, as if the tube were “breathing” with its diameter expanding and 

shrinking (Figure 2.4(b)). The RBM generally occurs between 120 – 350 cm-1 and can 
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be used to determine the diameter and hence chirality of SWNTs present in a sample. 

The RBMs observed in Figure 2.4(a) are also a good demonstration of the resonance 

effect, as the RBM for the semiconducting tube is not in resonance with the wavelength 

of the laser being used to probe the surface (784 nm) and thus is not easily observed 

when compared to the resonant metallic RBM. The next important first-order Raman 

feature of CNTs is the G-band, which is also observed in other graphitic carbons such 

as graphene. This band generally occurs between 1560 – 1590 cm-1 and its 

corresponding sp2 carbon vibrations can be observed in Figure 2.4(c). When analysing 

SWNTs, the G-band can be particularly useful for determining whether the nanotubes 

are semiconducting or metallic, based on the G-band line structure [14]. 

SWNT Raman spectra also have two second-order features commonly 

observed, viz. the D-band and the G′-, or 2D-, band. These features can also be seen 

in other graphitic carbons such as graphene and are double-resonance processes and 

thus may be observed quite strongly [14]. The D-band, also known as the disorder 

band, is observed due to atomic defects in the carbon lattice, or where there are 

dangling bonds or sp3 hybridised carbon, for example at the ends of a CNT or sites of 

chemical modification [15]. This does mean however that if the carbon lattice of a 

SWNT is not defected in the area that the laser is incident, it is possible that a D-band 

will not be observed, as is the case in the metallic SWNT seen in Figure 2.4(a). If 

defects are present however, this band typically occurs at around 1350 cm-1.The 

second, second-order feature observed in SWNTs (and, again, also other graphitic 

carbon such as graphene), is the G′-band. This band was originally designated as such 

during early Raman investigations of graphite, but it is in fact the second harmonic of 

the D-band and as such is now also referred to as the 2D-band [16]. However, unlike 

the D-band, the contributions causing the presence of the 2D-band do not need to occur 

due to defects in the carbon lattice, and as such this feature can always be observed in 

CNT Raman spectra. This is again displayed in the Raman spectrum of the metallic 

SWNT seen in Figure 2.4(a), where not only is the 2D-band (labelled G′) present but, 

due to its double resonance, is observed with a greater intensity than the first order G-

band. The 2D band in CNT spectra generally occurs at around 2700 cm-1, as would be 

expected from its status as the D-band’s (~1350 cm-1) second harmonic [14]. 
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Figure 2.4: (a) Raman spectra of isolated metallic and semiconducting carbon nanotubes on a 

Si substrate showing the typical CNT Raman peaks of the radial breathing mode, D-band, G-

band and G′ band, along with other weak CNT features (M and iTOLA) and silicon peaks 

marked with * (from [14]), (b) the direction of carbon-carbon bond stretching occurring when 

the radial breathing mode occurs and (c) when the G-band occurs (both (b) and (c) modified 

from [15]). 

As previously eluded to, graphene and indeed GO, have quite similar Raman 

features to CNTs. Figure 2.5(a) shows the Raman spectrum of graphite, with a sharp 

G-band and a prominent 2D-band of lower intensity [17]. This is reversed in the 

Raman spectrum of single-layer graphene, also seen in Figure 2.5(a), where the 2D-

band intensity can be up to four times greater than the intensity of the G-band. Another 

difference of note between the Raman spectra of graphite and graphene is the shape of 

the 2D-band. As seen in Figure 2.5(b), the 2D-band, which in graphite generally has 

its maximum after 2700 cm-1, has a prominent shoulder on the lower wavenumber side. 

In single-layer graphene however, the 2D-band peak is downshifted, having a 

maximum before 2700 cm-1, and consists of only one peak [18]. Thus, the 2D-band 

can be used to monitor the presence of single- and few layer graphene, with the 2D-

band dropping in intensity and being composed of more than one peak as the number 

of layers of graphene increases (Figure 2.5(b)) [18].  

Solution and surfactant-assisted exfoliated graphene have similar Raman 

spectra to each other, with Figure 2.5(c) presenting the Raman spectrum of surfactant-

assisted exfoliated graphene, along with starting graphite material and chemically 

reduced graphene oxide [19]. Of note, in comparison to the mechanically exfoliated 

graphene shown in Figure 2.5(a), is the presence of a noticeable D-band in the 

exfoliated graphene and, to a lesser extent, the starting graphite. The presence of this 

D-band is related to the defects in the carbon lattice at the edges of both the graphite 
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starting material and the exfoliated graphene flakes [8]. Due to the small size of 

graphene flakes made in solvent exfoliation techniques and the comparatively large 

spot size of the lasers used for Raman spectroscopy, light is unavoidably scattered off 

the edges of the graphene flakes and thus the D-band in these Raman spectra are not 

indicative of basal plane defects, as would be the case in RGO or chemically modified 

CNT spectra. 

A typical Raman spectra of RGO can also be seen in Figure 2.5(c). Generally, 

RGO spectra consist of G- and D-bands of similar intensities, and much broader and 

low intensity 2D-bands. The presence of such large D-bands is to be expected due to 

the wide ranging defects and chemical functionalisation of the RGO flakes. Similarly, 

the low intensity, broad 2D-band is also due to disorder of the carbon lattice, as is the 

second peak at 2900 cm-1 sometimes observed in RGO Raman spectra [19]. 

 

Figure 2.5: Raman spectrum of (a) graphite and single-layer graphene, (b) the 2D-band of 

graphite, 10 layer graphene, 5 layer graphene, 2 layer graphene and 1 layer graphene at two 

different laser wavelengths (a & b modified from [17]) and (c) graphite, surfactant assisted 

exfoliated graphene and chemically reduced graphene oxide (modified from [19]).  
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2.2.3 Atomic Force Microscopy 

Atomic force microscopy is a scanning probe microscopy technique, originally 

developed by Binnig, Quate and Gerber [20]. The probe used in AFM has three 

constituents, viz. the chip, cantilever and tip (see Figure 2.6). The chip is the largest of 

the three components and is used for gross handling, for example loading of the probe 

into the AFM itself and subsequent course positioning. The cantilever is a much 

smaller structure that is attached to the chip, and at the end of the cantilever is the tip, 

which interacts directly with the surface of the sample. In a sample scanning AFM, the 

sample is mounted onto a piezoelectric scanner that is capable of scanning in three 

dimensions. This allows for the sample to be scanned across the tip both laterally, 

along the x and y axes, as well as vertically along the z axis. In the tapping mode of 

operation, the cantilever to which the tip is attached is oscillated at a known amplitude, 

close to its resonate frequency. When the scanner is used to bring the sample into 

contact with the oscillating tip, the amplitude and frequency of the cantilever 

oscillations will decrease. This change in amplitude is measured by monitoring the 

deflection of a laser beam that is reflected off of the end of the cantilever and onto a 

four quadrant photodetector. The scanner is then moved along the z axis through the 

use of feedback loops to maintain the initial amplitude of the cantilever, and thus gives 

topographic information related to the surface being probed. This process is then 

repeated as the sample is raster scanned in the lateral dimensions, giving nanometre 

topography details as the tip is tapped across micron sized areas [21]. A schematic of 

these basic AFM components can be seen in Figure 2.6. 

AFM, in conjunction with other chemically specific techniques such as Raman 

spectroscopy, is a very popular technique for investigating the presence of nanocarbon-

based materials such as CNTs, graphene, GO and RGO. Figure 2.7(a & b) shows 

representative AFM images of individual flakes of surfactant assisted exfoliated 

graphene that has been deposited onto a SiO2/Si substrate. These images clearly show 

that the flakes vary in lateral dimensions from the tens of nanometres to the hundreds 

of nanometres, while the height profiles of the line sections shown in green indicate 

that these flakes are between 1-2 layers thick [19]. Figure 2.7(a) also potentially shows 

a thicker section of a flake to the left of the image which appears to show a graphene 

layer or layers mid-exfoliation. Figure 2.7(c & d) on the other hand show 

representative AFM images of RGO films that have been annealed at temperatures of 

1100 ºC. Figure 2.7(c) shows a very thin spin coated RGO film that shows complete 
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coverage of the substrate at a thickness of 3 nm, while the inset shows a sub-monolayer 

film clearly depicting isolated flakes across the substrate. Figure 2.7(d) shows a 67 nm 

RGO film also annealed at 1100 ºC. In this AFM image of a thicker film, the ability to 

resolve individual RGO flakes is lost but characteristic micron long wrinkles can be 

seen across the film [11].   

 

Figure 2.6: Basic schematic of an atomic force microscope, showing the probe and its 

individual constituents the chip, cantilever, and tip, along with the laser, scanner and 

photodetector and the sample being probed (adapted from [21]). 
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Figure 2.7: Representative AFM images of (a & b) surfactant assisted exfoliated graphene 

flakes deposited on SiO2/Si substrates, showing height profiles of each line section (modified 

from [19]) and (c) tapping mode AFM image of spin coated 3 nm thick continuous GO film 

showing edges of flakes and inset a sub-monolayer film showing isolated flakes and (d) a 

67 nm RGO film reduced at 1100 ºC showing characteristic wrinkling (Scale bars in c & d are 

1 µm and both images are modified from [11]).  

2.2.4 Solar Testing 

The Sun emits electromagnetic radiation that approximates the spectrum of a 

blackbody at a temperature of 5760 K. Figure 2.8 shows the extra-terrestrial solar 

spectral irradiance experienced in space at the edge of the Earth’s atmosphere in the 

blue trace. However, the spectral solar irradiance experienced at any point on the 

Earth’s surface is not equivalent to this extra-terrestrial irradiance for a number of 

reasons, and in fact, differs all over the world. Molecules in the Earth’s atmosphere 

both absorb and scatter light from the Sun before it can reach the Earth’s surface. For 

example, ozone filters out a large section of the UV radiation, while water and CO2 

absorb heavily in the infrared region. The magnitude of these losses to the spectral 

irradiance experienced at the Earth’s surface is minimised when the sun is directly 
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overhead, i.e., the light incident at the surface has travelled through the least amount 

of atmosphere possible [22]. 

This distance, or path length, that light travels through the atmosphere before 

reaching the Earth’s surface is referred to as the air mass (AM) and can be defined as 

follows: 

AM
1

cosφ
 

Equation 2.4 

where φ is the angle of elevation of the sun. Using Equation 2.4, two cases can 

immediately be defined, AM0 and AM1.0. AM0 refers to the previously defined extra-

terrestrial spectral irradiance, experienced for example by orbiting satellites, while 

AM1.0 refers to the irradiance spectrum observed at the surface of the Earth when the 

sun is directly overhead ( 0) i.e., the shortest path length through the atmosphere. 

It can also be seen from Equation 2.4, that the effective AM at a point on the Earth’s 

surface will vary not only due to the latitude of the location, but also on the relative 

position of the sun at that location, influenced by the time of day as well as the time of 

year [23]. Therefore in order to compare the relative performance of photovoltaic 

devices, one should use a reference standard solar spectral distribution, an agreed upon 

standard which can be used to accurately compare the performance of a device 

regardless of where or when it is being tested.  

This standard was first defined in the 1970s by what is now known as ASTM 

International, with the most current reference being the ASTM G173-03 [23]. The 

actual solar spectral irradiance is referred to as the AM1.5G solar irradiance spectrum, 

where G stands for global, meaning that irradiance from diffuse reflectance from both 

the sky and ground is included in the total irradiance. AM1.5 is the solar irradiance 

spectrum when φ is equal to 42º, approximating the annual irradiance throughout the 

contiguous states of the United States of America as experienced by a 37º tilted sun-

facing surface. This spectral irradiance can be seen as the red trace of Figure 2.8, where 

the effects of atmospheric scattering can most noticeably be observed by the lower 

solar irradiance at lower (UV) wavelengths when compared to the AM0 spectrum. The 

effects of atmospheric absorption are also visible, with a number of clearly defined 

absorption peaks occurring throughout the spectra including peaks caused by 

molecular oxygen at approximately 760 nm, water at 900, 1100, 1400 and 1900 nm, 
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and CO2 at 1800 and 2600 nm [22]. The total integrated irradiance across the spectrum 

of AM1.5G light is normalised to 1000 W·m-2, and is often referred to as 1 Sun when 

light intensity testing is carried out. 

 

Figure 2.8: ASTM G173-03 reference spectra, showing both the extra-terrestrial (AM0) and 

AM.15G solar spectral irradiance [23]. 

AM1.5G light is often simulated in the laboratory through the use of “solar 

simulators” which use xenon lamps coupled with optical filters to produce the required 

spectrum and irradiance [24]. Several steps should be taken when using a solar 

simulator however to ensure that accurate photovoltaic testing can be performed. 

These include ensuring that the intensity profile of the light is uniform across the area 

of the cell being measured, calibrating the irradiance of the light using a reference cell 

of similar spectral response to the cell being investigated, accurately estimating the 

cell’s active area and ensuring appropriate anti-reflective surfaces are in place around 

the testing stage [24]. Even when all these factors are taken into account, the inherent 

limits of reproducibility of solar cells within batches means that average values of 

photovoltaic performance should be reported when possible [24]. 
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Chapter 3 

TIPS-DBC/SWNT/FTO Solar Cells 

 

Vertically	aligned	arrays	of	SWNTs	on	FTO	substrates	were	used	to	

make	working	electrodes	 for	photoelectrochemical	 solar	 cells.	7,14‐bis[2‐

[tris(1‐methylethyl)silyl]ethynyl]dibenzo[b,def]chrysene	 (TIPS‐DBC)	 layers	

were	 then	 deposited	 onto	 the	 working	 electrodes	 and	 the	 enhanced	

photovoltaic	properties	of	 the	new	TIPS‐DBC/SWNT/FTO	electrodes	were	

investigated.	 The	 TIPS‐DBC	 deposition	 process	 was	 then	 optimised	 for	

maximum	power	conversion	efficiency.	
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3.1 Introduction 

There has been a significant amount of investigation of DSCs since O’Regan 

and Grätzel’s [1] initial paper in 1991. The majority of this investigation has generally 

focused on the archetypal DSC design discussed in Chapter 1 Section 1.6.1, viz. a 

photoanode consisting of a TCO layer with a mesoporous TiO2 layer sensistised with 

a photoactive dye sandwiched together with a CE, with a redox electrolyte completing 

the electrical circuit [2].  

CNTs have found applications within conventional DSC designs in a number 

of ways, helping to replace conventional TCO layers [3, 4], as additives in the 

photoanode [5, 6] or as a replacement for platinum in the CE [7, 8]. Alternatively, 

CNTs deposited using electrophoresis [9] or vacuum filtration [10] have been used to 

completely replace the TiO2 layer while more success has recently been found using 

CNT-based fibre-shaped DSCs [11-14]. 

Non-fibre-based DSCs using CNTs as the basis of the working electrode 

suffered from large electron-hole recombination problems. Bissett and Shapter [15] 

thus proposed to reduce the amount of recombination occurring due to intertube 

interactions via the covalent attachment of SWNTs onto fluorine doped tin oxide 

(FTO) in vertically aligned arrays. This approach was successful in increasing the 

photoresponse obtained from the cell compared with thin film cells in terms of 

photocurrent and photovoltage produced, despite the overall low PCE generated 

(4.7 × 10-5 %). Tune et al. [16] further investigated the potential of CNT arrays 

covalently attached to indium tin oxide (ITO) electrodes. This work also investigated 

the chemical attachment of N3 dye, commonly found in Grätzel cells [17, 18], to the 

CNTs. While the introduction of the dye to the system resulted in an increase in the 

JSC of the cells, VOC and FF both decreased [16].  

At the same time, work in the field of organic photovoltaics had focused on the 

replacement of conducting polymers used within the bulk heterojunction, such as 

P3HT, with small molecules such as acenes [19-21]. While the use of small molecules 

is advantageous with regards to cost and purity there are performance issues associated 

with their use within the heterojunction. Chief amongst these is the reactivity of 

acenes, such as pentacene, with fullerenes, which leads to a decrease in the efficiency 

of the bulk heterojunction [19]. Winzenberg et al. [22] reported the use of two 

derivatives of the polycyclic aromatic hydrocarbon dibenzo[b,def]chrysene (DBC) 
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blended with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) in bulk 

heterojunction cells. It was shown that DBC derivatives did not react with fullerenes 

such as PCBM. Cells based on one of the DBC derivatives, 7,14-bis[2-[tris(1-

methylethyl)silyl]ethynyl]dibenzo[b,def]chrysene (TIPS-DBC), showed promising 

PCEs of 2.25 % [22]. Single crystal X-ray studies by Winzenberg et al. [22] also 

showed that this particular DBC derivative adopts a 1-D stack due to strong 

intermolecular π-π interactions.  

The promising performance of these DBC cells, combined with the affinity of 

DBC derivatives for π-π stacking raises the possibility of combining DBC derivatives 

with SWNT photovoltaic architectures. Due to the aromatic nature of SWNT 

sidewalls, DBC derivatives should preferentially adsorb to the sidewalls of the SWNTs 

and hence promote efficient charge transfer between a photoexcited DBC derivative 

and the SWNT, resulting in an increased photovoltaic output of the cell. This chapter 

thus investigates and optimises the effect of adding a TIPS-DBC layer to SWNT/FTO 

electrodes via spin coating has on the photovoltaic performance of 

photoelectrochemical cells made with the subsequent TIPS-DCB/SWNT/FTO 

electrodes. 
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3.2 Experimental Methods 

3.2.1 Electrode Preparation 

Carbon nanotube arrays were prepared via an existing technique [15], the 

scheme of which is presented in Figure 3.1. SWNTs (P2-SWNT, Carbon Solutions 

Inc., California) were “cut” by adding them to a 3:1 v/v solution of H2SO4 

(98 %):HNO3 (70 %) at a concentration of 1 mg·mL-1. The solution was ultrasonicated 

at 0 °C for 8 h, quenched and the resulting solution was filtered under vacuum using a 

0.4 μm filter paper (Isopore HTTP, Millipore). The SWNTs were then suspended via 

ultrasonication in a solution of dimethylsulphoxide (DMSO) (99.9 % anhydrous, 

Sigma Aldrich) containing dicyclohexylcarbodiimide (DCC) (99 %, Sigma Aldrich) 

resulting in a 0.2 mg·mL-1 SWNT/DCC solution. 

FTO coated glass (TCO22-15, Solaronix SA, 15 Ω·square-1) was cleaned via 

ultrasonication in ethanol for five minutes. The cleaned FTO was then hydroxylated 

in a two-step process, Figure 3.1(a). The FTO was placed in a 1:1:5 v/v solution of 

NH4OH (28-30 %, AR Grade, Sigma Aldrich), H2O2 (30 %, AR Grade, Chem-Supply) 

and MilliQ water and heated at 80 °C for 20 min. It was then rinsed with MilliQ water 

and placed in a 1:1:5 v/v solution of HCl (37 %, AR Grade, BDH Lab Supplies), H2O2 

and MilliQ water and heated at 80 °C for 20 min before being rinsed with MilliQ water 

and dried thoroughly under nitrogen gas. Hydroxylated FTO was subsequently 

submerged in the SWNT/DCC solution and heated at 80 °C for 24 h under nitrogen, 

Figure 3.1(b). After heating, the SWNT/FTO electrodes, Figure 3.1(c), were rinsed 

thoroughly with isopropanol (≥99.5 %, AR Grade, Merck) and dried under nitrogen. 
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Figure 3.1: Scheme showing the preparation of SWNT/FTO working electrodes with (a) the 

preparation of hydroxylated FTO electrodes, (b) the addition of SWNT/DBC solution to the 

hydroxylated FTO substrate and (c) a vertically aligned SWNT/FTO electrode (not drawn to 

scale). 
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DBC/SWNT/FTO electrodes were prepared by spin coating of the TIPS-DBC 

solutions onto the SWNT/FTO electrode, Figure 3.2. Dynamic spin coating was 

performed with a WS-400B-6NPP/Lite (Laurel Technologies) spin coater operating at 

the specified rpm. 

 

Figure 3.2: Preparation of TIPS-DBC/SWNT/FTO working electrodes (not drawn to scale). 
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SWNT solar cells were prepared using the SWNT/FTO working electrodes 

described previously. Pt/FTO counter electrodes were fabricated by sputtering a 5 nm 

thick layer of platinum onto FTO coated glass. The SWNT/FTO working electrode 

was then placed SWNT side down onto a Teflon spacer (which defined the active area 

of the cell) which was on top of the counter electrode and the three components were 

then sandwiched together. Once assembled, electrolyte consisting of 0.8 M 1-methyl-

3-propylimidazolium iodide (MPII) (≥98.0 % HPLC, Aldrich) and 0.1 M I2 (≥99 %, 

Sigma-Aldrich) in 3-methoxypropionitrile (MPN) (≥98.0 % HPLC, Aldrich) was 

introduced via capillary action. A schematic of the assembled cell can be seen in Figure 

3.3(a). TIPS-DBC/SWNT/FTO solar cells were prepared in the same manner, with a 

schematic of an assembled cell shown in Figure 3.3(b). 
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Figure 3.3: Schematic of (a) SWNT/FTO solar cell architecture and (b) TIPS-

DBC/SWNT/FTO solar cell architecture (not drawn to scale). 
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3.2.2 Characterisation 

Confocal Raman measurements were taken with a WITec α300R Microscope 

in Raman mode using a 100× objective, with a numerical aperture of 0.9. 

Measurements were taken using a 532 nm laser (2.33 eV) which was operated at 

constant power for each experiment. The surface was placed perpendicular to the 

excitation source during measurements. Single spectra were collected using an 

integration time of 5 s and averaged over 10 accumulations. Raman data was collected 

using WITec Control v2.04 software and analysed in the WITec Project v2.04 

software. 

 UV-Vis spectra were obtained on a Varian Cary 50G with a resolution of 1 nm. 

In all experiments the spectrum of bare FTO coated glass was used as the baseline. 

Current density-voltage (J-V) measurements of SWNT solar cells were taken 

using a Keithley 2400 Source-Measure unit which was interfaced with a National 

Instruments LabVIEW Virtual Instrument. J-V measurements were taken under 

illumination from a solar simulator LED light source at ~100 mW·cm-2. This intensity 

was monitored with a light meter (Newport Power Meter, model 1815-C). Three J-V 

curves were taken for each cell and an average J-V curve used for data analysis. All 

electrode configurations were tested in triplicate. 

Photocurrent spectra were obtained at intervals of 2 nm in the range of 450 – 

850 nm by illuminating a device of 1 cm2 active area fabricated with a TIPS-

DBC/SWNT/FTO working electrode. Light from a xenon arc lamp (Oriel) was passed 

through a monochromator (Jarrell Ash) and order sorting filters (390 nm and 650 nm 

long pass, Oriel). Since the photocurrent output of the test cell is low and a lock in 

analyser/chopper was not employed, the slit width was set wide (4 mm) to provide 

photocurrent densities in the µA range. External quantum efficiency (EQE) values 

were calculated by comparison of the baseline/noise corrected photocurrent output of 

the test cell with that from a 1 cm2 NIST calibrated silicon cell (PVM 731, PV 

Measurements). 
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3.3 Electrode Characterisation 

Raman spectroscopy, shown in Figure 3.4, was used to investigate the presence 

of carbon layers on the FTO substrates. From the black trace of Figure 3.4(i), it can be 

seen that the hydroxylated FTO substrate has a region of enhanced intensity from 125 

– 750 cm-1, typical of the normal Raman spectrum of glass, which is present beneath 

the FTO layer. After a 30 mg·mL-1 solution was used to deposit a layer of TIPS-DBC 

onto an FTO electrode, two prominent bands of equal intensity appeared in the Raman 

spectrum at 1344 cm-1 and 1597 cm-1 (red trace of Figure 3.4(ii)). These bands were 

assigned to the D-band and G-band respectively, which are commonly found in 

aromatic carbon compounds [23]. As discussed in Chapter 2 Section 2.2.2, the G-band 

corresponds to sp2 carbon vibrations in a hexagonal carbon network, while the D-band 

corresponds to the presence of dangling bonds or sp3 hybridised carbon in these 

networks. Therefore, the presence of these bands in the Raman spectrum of TIPS-DBC 

is expected due to the presence of the extended polycyclic aromatic hydrocarbon 

backbone of the molecule, seen in the inset of Figure 3.4. 

The spectrum of a SWNT/FTO electrode (blue trace of Figure 3.4(iii)) had four 

prominent peaks, corresponding to the Raman fingerprint of SWNTs [24]. An RBM 

peak was seen to occur in the region of 130 – 140 cm-1. D- and G-bands were also 

observed to occur at 1335 cm-1 and 1580 cm-1 respectively. Unlike in the TIPS-DBC 

spectrum however, the intensity of the G-band was much greater than that of the D-

band. The 2D-band of the SWNTs was also clearly visible in the Raman spectrum of 

the SWNT/FTO electrode, occurring at 2650 cm-1. When the Raman spectrum of a 

TIPS-DBC/SWNT/FTO electrode was obtained (green trace of Figure 3.4(iv)), it was 

seen that it was dominated by the presence of the SWNTs in the sample, displaying a 

clear RBM and 2D-band as well as a G-band that was much more intense in signal 

than the D-band. This is due to the large Raman cross section of SWNTs [25]. 

The black trace of Figure 3.5(i) shows the UV-Vis spectrum of an SWNT/FTO 

electrode, which agrees with previously published spectra of SWNT/ITO electrodes 

[16]. While the concentration of the SWNT solution used to prepare SWNT/FTO 

electrodes was kept constant throughout the experiments, the concentration of the 

TIPS-DBC chloroform solutions could be modified, due to the high solubility of the 

TIPS-DBC. Figure 3.5(ii, iv-v) shows the UV-Vis spectra of TIPS-DBC/SWNT/FTO 

electrodes made by depositing TIPS-DBC layers with chloroform solutions of 
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increasing TIPS-DBC concentration. There is a clear increase in absorbance over the 

scanned region of 350 – 850 nm after the deposition of a TIPS-DBC layer using a 

10 mg·mL-1 solution (red trace of Figure 3.5 (ii)). The two peaks seen at 500 nm and 

540 nm show good alignment with peaks previously observed for TIPS-DBC by 

Winzenberg et al. [22] who observed peaks at approximately 485  nm and 530 nm 

when performing UV-Vis spectroscopy on TIPS-DBC layers deposited from 

chloroform. A series of TIPS-DBC chloroform solutions ranging in concentration from 

5 mg·mL-1 to 40 mg·mL-1 were prepared and used to deposit TIPS-DBC layers on 

SWNT/FTO electrodes. There was a clear increase in the absorbance of the TIPS-

DBC/SWNT/FTO electrodes at 540 nm, seen in the inset of Figure 3.5, as well as the 

spectra in the green and pink traces of Figure 3.5(iv and v) respectively. However, the 

UV-Vis spectrum of TIPS-DBC dissolved in chloroform (dashed trace of Figure 

3.5(vi)) shows three defined peaks at 450, 480 and 512 nm. The combination of the 

loss of the highest energy peak and the red shifting and peak broadening of the 

TIPS/DBC/SWNT/FTO electrode spectra suggests that the TIPS-DBC forms an 

amorphous layer upon deposition onto the electrode. This is consistent with the work 

of Mori et al. [26] and  Kim et al. [27] who found spin-coated films of a number of 

DBC derivatives are amorphous when analysed with AFM and XRD. Furthermore, the 

absorbance of the FTO-only electrode, where no SWNTs are present, prepared using 

the 30 mg·mL-1 TIPS-DBC solution (blue trace of Figure 3.5(iii)) has a much lower 

absorbance than the TIPS-DBC/SWNT/FTO electrode prepared using the same 

30 mg·mL-1 solution (Figure 3.5(iv)). This highlights the affinity of the TIPS-DBC for 

the nanotubes as well as suggesting there is increased surface area available due to the 

vertically aligned array of SWNTs, making the production of the composite structure 

readily achievable. 
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Figure 3.4: Raman spectra of (i) an FTO electrode, (ii)TIPS-DBC/FTO electrode, (iii) an 

SWNT/FTO electrode and (iv) a TIPS-DBC/SWNT/FTO electrode, and inset, a chemical 

diagram of TIPS-DBC. 
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Figure 3.5: UV-Vis spectra of (i) a SWNT/FTO electrode, (ii, iv-v) TIPS-DBC/SWNT/FTO 

electrodes prepared with an increasing concentration of the TIPS-DBC solution, (iii) a TIPS-

DBC/FTO electrode prepared with a 30 mg·mL-1 TIPS-DBC solution, (vi) a TIPS-DBC 

chloroform solution, and inset, variation in absorbance at 540 nm of TIPS-DBC/SWNT/FTO 

electrodes with increasing concentration of the deposited TIPS-DBC solution. 
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3.4 Effect of TIPS-DBC on Photovoltaic Performance 

The initial SWNT/FTO solar cells, of which a representative J-V curve can be 

seen in the black trace of Figure 3.6(i), had a VOC of -23.4 ± 0.46 mV and a JSC of 

10.1 ± 0.25 µA·cm-2. A similar SWNT/FTO architecture reported by Bissett and 

Shapter [15] gave a VOC of ~15 mV and a JSC of 5.04 ± 0.11 µA·cm-2, while a 

SWNT/ITO architecture from Tune et al. [16] gave a VOC of 47 mV and JSC of 

2.0 µA·cm-2. A possible reason for the lower VOC and higher JSC observed in this study 

is that the previous reports used polymer sealed solar cells, whereas in this study the 

cells were sandwiched together reversibly. This allows for atmospheric mixing of the 

electrolyte solution and the working electrode, which could conceivably affect their 

charge transport mechanisms.    

 

Figure 3.6: Representative J-V curves of (i) a solar cell made using a SWNT/FTO working 

electrode and (ii) a solar cell made using a TIPS-DBC/SWNT/FTO working electrode made 

using a 30 mg·mL-1 TIPS-DBC solution. 

Deposition of a 30 mg·mL-1 TIPS-DBC solution onto a SWNT/FTO electrode 

via spin coating at 2000 rpm resulted in much improved photovoltaic performances of 

the resultant solar cells, a representative J-V curve of which can be seen in the blue 
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trace of Figure 3.6(ii). With an almost five fold improvement in VOC and seven fold 

improvement in JSC, the TIPS-DBC/SWNT/FTO solar cells saw a large increase in 

their PCE compared with the SWNT/FTO solar cells. 

To investigate whether this increased photovoltaic performance was due to an 

improved electronic configuration of the device, or due to the photoactive nature of 

TIPS-DBC, external quantum efficiency (EQE) measurements were performed on a 

TIPS-DBC/SWNT/FTO solar cell, as detailed in Section 3.2.2. The solid trace of 

Figure 3.7(i) shows the EQE of a solar cell fabricated using a TIPS-DBC/SWNT/FTO 

electrode made with a 30 mg·mL-1 solution. The cell exhibited no response below a 

threshold energy of ~600 nm but then displayed a steep increase in performance at 

higher energies, with this threshold energy matching the UV-Vis absorption onset also 

shown in the dashed trace of Figure 3.7(ii) (~600 nm). Two peaks of around 0.35 % 

are evident at 527 nm and 486 nm and these peaks in the EQE very closely correspond 

to those observed by Winzenberg et al. [22] for TIPS-DBC/PCBM devices. These 

results clearly demonstrate that the origin of the observed photocurrent is light 

harvesting by the TIPS-DBC molecules. 

The inset of Figure 3.7 shows the proposed energy band diagram for a 

photoelectrochemical cell made with a TIPS-DBC/SWNT/FTO working electrode, 

iodide/triiodide electrolyte and Pt/FTO counter electrodes. Standard values for FTO 

and the redox potential of the iodide/triiodide redox couple are shown and the positions 

of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) of TIPS-DBC were obtained from [22]. The SWNT HOMO and 

LUMO shown are representative of the major semiconducting chiralities present in the 

nanotube material used ((16,6) and (11,10), determined by curve fitting of solution 

UV-Vis spectra and comparison with data reported by Weisman and Bachilo [28]). 

These nanotubes have a fundamental optical bandgap of ~0.7 eV and can be assumed 

to have a Fermi level of ~4.8 eV, shifted from the intrinsic 4.65 eV by molecular 

oxygen adsorption and oxygen containing functionalities present as a result of acid 

purification [29]. It is proposed that electrons photogenerated in the TIPS-DBC are 

captured by the iodide/triiodide couple and transported to the Pt/FTO counter electrode 

whilst the resulting holes are transferred to the FTO working electrode via the SWNTs. 

In addition to hole transport, the nanotubes present on the electrode surface also serve 

the function of partially blocking the electron-hole recombination pathway between 

FTO and TIPS-DBC, however it must be noted that the coverage of nanotubes is 
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incomplete and there is likely some contact between the TIPS-DBC and FTO. 

Although this proposed model adequately describes the predominant operation 

mechanism of the devices, a complete analysis would need to take into account the 

broad distribution of both semiconducting and metallic nanotube chiralities, any band 

bending due to interfacial charge transfer, especially between the SWNTs and FTO, 

and the relative kinetics of competing redox processes at the two electrode surfaces. 

 

Figure 3.7: (i) EQE of the TIPS-DBC/SWNT/FTO device, (ii) a UV-Vis spectrum of a TIPS-

DBC/SWNT/FTO electrode, and inset, a proposed energy diagram of the complete device. 
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3.5 Optimisation of Deposition Solution Concentration 

After demonstrating the light harvesting action of the TIPS-DBC, the effect of 

the concentration of the TIPS-DBC deposition solution on the photovoltaic 

performance of the TIPS-DBC/SWNT/FTO solar cells was investigated. The active 

electrodes in the devices were prepared by dynamically spin coating a layer of TIPS-

DBC dissolved in chloroform onto a SWNT/FTO electrode at a spin speed of 

2000 rpm. As can be seen in Figure 3.9, the addition of a 5 mg·mL-1 solution resulted 

in a significant increase in both the VOC (23.4 mV to 65.7 mV) and JSC (10.1 µA·cm-2 

to 27.9 µA·cm-2) and hence the PCE of the resultant cells. Figure 3.8 and Figure 3.9 

show that the PCE performance of the cells increases with increasing concentration of 

the TIPS-DBC solution up to a concentration of 30 mg·mL-1. However, a further 

increase in concentration to 40 mg·mL-1 results in a slight decrease in the VOC and JSC 

and hence PCE of the cells, relative to those values obtained with the 30 mg·mL-1 

solution. 

The increased photovoltaic performance of the cells when a 30 mg·mL-1 TIPS-

DBC solution is used to coat the SWNT/FTO electrodes is significant when compared 

to the bare SWNT/FTO electrodes, with a four fold increase in VOC (23.4 mV to 

98.3 mV) coupled with a near seven fold increase in JSC (10.1 µA·cm-2 to 68.1 µA·cm-

2). Combined, these increases result in a more than thirty fold increase in cell PCE, 

although the PCE remains low in absolute terms (~0.002 %). This low PCE ultimately 

relates to the minimal amount of SWNTs present on the working electrodes and the 

recombination issues this causes, along with the relative kinetics of the competing 

redox processes at the two electrode surfaces. Compared with previous work using 

SWNT/FTO or SWNT/ITO cell architectures however, these results show significant 

potential. Functionalisation of multilayer SWNT/ITO electrodes with N3 dye by Tune 

et al. [16] showed a threefold increase in JSC, but working from a much lower original 

current density (2.0 μA·cm-2 to 6.2 μA·cm-2). Similarly, chemical attachment of 

PAMAM-type dendrons to an SWNT/FTO electrode by Bissett et al. [30] resulted in 

a 40 % increase in VOC (from 30 mV to 43 mV) and a 16 % increase in JSC (from 

12 µA·cm-2 to 14 µA·cm-2). 

Several factors are believed to contribute to the marked increase in 

performance of the cells upon the addition of the TIPS-DBC layers. Firstly, as seen in 

the UV-Vis spectra of the electrodes in Figure 3.5, the working electrode absorbs a 
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greater amount of incident light when TIPS-DBC is present compared to an 

SWNT/FTO electrode and hence a greater number of excitons can be generated within 

the cell. Coupled with this increase in excitons generated within the TIPS-DBC layer, 

is the ability of the p-type SWNTs to act as efficient hole transporters, enabling a much 

greater separation of charge to occur within the TIPS-DBC/SWNT/FTO cells 

compared to the SWNT/FTO cells. An increase in the separation of charge within the 

cell should result in the improved VOC of the cells, while also contributing to the 

generation of a greater JSC. While these factors may account for the increase in 

photovoltaic performance over the range of 5 – 30 mg·mL-1, they do not however 

account for the decrease in performance when the concentration of the deposition 

solution is further increased to 40 mg·mL-1. It is thought that the decrease in VOC (from 

98 ± 1.5 mV to 83.1 ± 0.86 mV) observed at this concentration is due to the 

increasingly large ratio of TIPS-DBC to SWNTs. As the thickness of the TIPS-DBC 

becomes too great, there is a greater likelihood of photogenerated electrons 

recombining with holes present in other TIPS-DBC molecules before they are 

transported to the triiodide within the electrolyte. This recombination would reduce 

the ability of the cell to separate and then collect charge, hence decreasing its VOC and 

JSC. 
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Figure 3.8: Representative J-V curves of (i) a SWNT/FTO working electrode solar cell and 

TIPS-DBC/SWNT/FTO solar cells made using deposition solutions with concentrations of 

(ii) 10 mg·mL-1, (iii) 30 mg·mL-1 and (iv) 40 mg·mL-1. 
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Figure 3.9: Effect of the concentration of the TIPS-DBC deposition solution on the VOC (left 

axis) and JSC (right axis) of the resultant TIPS-DBC/SWNT/FTO solar cells (error bars present 

on all data points and where not visible are within the data point). 
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3.6 Optimisation of Deposition Spin Speed 

The final optimisation parameter investigated was the spin speed at which 

TIPS-DBC was deposited onto the SWNT/FTO electrodes. Figure 3.10 shows the 

effect that changing the spin speed of deposition of a 30 mg·mL-1 solution of TIPS-

DBC has on the resultant TIPS-DBC/SWNT/FTO solar cells. Spin speed was found to 

have less of an effect on the PCE of the cells than the concentration of the deposition 

solution. Despite this however, there was a significant increase in both VOC and JSC 

when the spin speed was increased from 500 rpm to 2000 rpm. This is increase is 

postulated to be due to the increased ability of TIPS-DBC/SWNT/FTO electrodes to 

separate charge when TIPS-DBC is deposited at increased spin speeds. A higher spin 

speed should correlate to a greater uniformity in the TIPS-DBC layer covering the 

SWNT/FTO electrode and thus less intermolecular interactions within the layer. This 

would positively affect a number of processes within the cell, including the rate of 

charge separation, charge transport mobility and electron/hole separation. A decrease 

in VOC and JSC was observed upon deposition of TIPS-DBC at a spin speed of 4000 

rpm. At this further increased speed, the rotation of the SWNT/FTO substrate may be 

high enough such that the deposited TIPS-DBC solution is spread much more thinly 

across the substrate, and thus the layer begins to resemble those deposited at slower 

spin speeds using solutions with lower concentrations of TIPS-DBC. Indeed, 

comparison of the VOC (68.8 ± 4.8 mV) and JSC (55.2 ± 4.8  µA·cm-2) of this 4000 rpm 

cell seen in Figure 3.10 with the VOC (67.3 ± 1.0 mV) and JSC (60.0 ± 2.1 µA·cm-2) of 

cells made at 2000 rpm with a 20 mg·mL-1 solution as seen in Figure 3.8 shows this is 

very likely the case. 
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Figure 3.10: Effect of spin speed during deposition of a 30 mg·mL-1 TIPS-DBC solution on 

the VOC (left axis) and JSC (right axis) of resultant TIPS-DBC/SWNT/FTO solar cells (error 

bars present on all data points and where not visible are within the data point). 
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3.7 Conclusions 

Vertically aligned SWNTs were chemically attached to FTO substrates and 

then further functionalised with a layer of TIPS-DBC. These electrodes were then used 

as the working electrodes in photoelectrochemical cells and the effect of the initial 

concentration of TIPS-DBC was investigated. It was found that the addition of TIPS-

DBC onto an SWNT/FTO electrode resulted in a significant increase in the VOC 

(23.4 mV to 98.3 mV) and JSC (10.1 µA·cm-2 to 68.1 µA·cm-2) of the resultant cells, 

significantly increasing their PCE from ~6 × 10-5 % to ~0.002 %. Additionally, it was 

found that the spin speed at which the TIPS-DBC was deposited influenced the 

performance of the cells. Together, the optimal configuration was found to result from 

depositing a 30 mg·mL-1 TIPS-DBC solution at a spin speed of 2000 rpm. These 

results show a promising step towards efficient photoelectrochemical cells which use 

carbon based photoactive elements, as opposed to costly transition metal based dyes. 

While the overall PCE of the cells reported here remains low after the 

introduction of TIPS-DBC, it still represents a greater than thirty fold increase over 

cells made using SWNT/FTO electrodes alone. While power generation from 

photovoltaic cells is the long-term goal of this research, these results also suggest other 

short-term applications. For example, these electrodes could be used in devices such 

as photodetectors, where a distinct current response from a cheap electrode is 

desirable.  
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Chapter 4 

G-Si Schottky Junctions 

 

Surfactant‐assisted	exfoliated	graphene	dispersions	were	produced	

using	 the	non‐ionic	 surfactant	Tween‐60.	These	aqueous	dispersions,	and	

thin	films	produced	via	their	vacuum	filtration,	were	characterised	and	then	

investigated	for	their	potential	use	in	G‐Si	Schottky	junction	solar	cells.	The	

photovoltaic	properties	of	the	G‐Si	Schottky	junctions	were	then	optimised	

by	 investigating	 the	effects	of	 film	 thickness,	 film	annealing	and	chemical	

doping.	
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4.1 Introduction 

As discussed in Chapter 1 Sections 1.7.1 and 1.7.2, the photovoltaic properties 

of nanocarbon-based material-silicon heterojunctions have been investigated for the 

past decade. Wei et al. [1] were the first to report a CNT-Si heterojunction in 2007 

using DWNTs on a n-type silicon substrate. This work was expanded on by numerous 

researchers using a myriad of different nanotubes [2, 3], architectures [4, 5] and 

dopants [6, 7]. Li et al. [8] were the first to report G-Si heterojunctions and their 

photovoltaic potential. They used CVD graphene with n–type silicon to produce G-Si 

Schottky junctions with PCEs of up to 1.3 % under AM1.5G illumination [8] (see 

Figure 1.15 for a representative energy level diagram). 

 Since the seminal work of Li et al.[8], there have been a number of advances 

made to the PCE of G-Si Schottky junctions. These include changing the silicon at the 

interface from planar to nanowire or nanohole arrays [9-11] as well as changing the 

number of layers of CVD graphene present [12-14]. However, the majority of research 

has focused on chemical doping methods [15]. The first to report doping of G-Si 

Schottky junctions in a photovoltaic application was Fan et al. [9] who used SOCl2 to 

dope G-Si nanowire Schottky junctions. The SOCl2 doping increased the PCE from 

0.68 % to 2.86 % after increases to the JSC, VOC and FF of the cells [9]. Interestingly, 

while the VOC remained stable after doping, the JSC and FF decreased over a period of 

two weeks before plateauing at a stable PCE of ~1.2 %. Following this result, a number 

of different dopants have been investigated including nitric acid [11, 14, 16, 17], 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) [16], 

bis(trifluoromethanesulfonyl)amide [18], and gold chloride [17].  Chemical doping 

methods have also recently been combined with colloidal antireflection layers [19, 20] 

with a recent record PCE of 15.6 % set by Song et al. [20]. These examples highlight 

the interest in G-Si Schottky junctions but are limited in their scale up potential due to 

the use of graphene produced by CVD, which is both expensive and difficult to 

synthesise in large quantities. These properties of the CVD process limit its use in the 

industrial setting and cast doubt on whether such approaches could be used to 

economically produce solar cells. 

There are several methods for the production of graphene using solution 

processing, viz. chemical modification of graphite, solvent-assisted exfoliation of 

graphite and surfactant-assisted exfoliation of graphite. While there are some examples 
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of GO- or RGO-Si Schottky junction solar cells in the literature [21-24] (discussed in 

more detail in Chapter 5), there has been no research to date on G-Si Schottky junction 

solar cells made using more chemically pristine solvent-assisted exfoliated graphene 

or surfactant-assisted exfoliated graphene. This is despite the use of liquid-phase 

exfoliated graphene finding use in inkjet printing applications for other electronic 

devices [25, 26]. 

Blake et al. [27] and Hernandez et al. [28] were the first to produce solvent-

assisted exfoliated graphene using organic solvents, in an attempt to produce large 

quantities of graphene without prior oxidation or the need for CVD. This process was 

expanded upon by numerous research groups in order to increase the concentration 

and quality of the graphene flakes produced. This was achieved through the 

investigation of numerous types of organic solvents [29-31], ultrasonication times 

[32], and introducing filtration and filtrate re-suspension [33]. While these methods 

succeeded in producing single- and few-layer graphene dispersions, they were limited 

in their application due to the presence of difficult to process organic solvents, which 

are typically toxic, have a high boiling point or both. 

 In order to mitigate the use of organic solvents Lotya et al. [34] reported a 

method for the liquid phase exfoliation of graphite in the absence of organic solvents. 

Using the common ionic surfactant sodium dodecylbenzene sulfonate (SDBS) they 

produced graphene dispersions at a concentration of up to 0.05 mg·mL-1. A number of 

different studies have been conducted using ionic surfactant-assisted exfoliation, for 

example by Green et al [35]  and Hasan et al. [36]. Guardia et al. [37] showed that non-

ionic surfactants outperformed ionic surfactants in making high concentration 

graphene dispersions even though the surfactant concentrations were not optimised. 

Indeed, using the non-ionic surfactants Tween-80 and P-123 graphene concentrations 

of 0.5 – 1 mg·mL-1 were achieved. Solution and surfactant-assisted exfoliation of 

graphene have the advantage over oxidation-assisted exfoliation, used to prepare GO, 

in that the basal planes of graphene remain pristine and thus retain their intrinsic 

mechanical and electrical properties [28]. 

Despite the existence of a simple method for FLG production and hence the 

ability to produce easily transferrable transparent, conducting graphene films, 

surfactant-assisted exfoliated graphene has thus far not been investigated in G-Si 

Schottky junctions for photovoltaics. This chapter presents a method for producing G-

Si Schottky junctions from surfactant-assisted exfoliated graphene and investigates the 
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effects of both film thickness and chemical doping on the photovoltaic properties of 

the heterojunctions. 
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4.2 Experimental Methods 

4.2.1 Graphene Film Fabrication 

Flake graphite (+100 mesh, Sigma Aldrich, Australia) was ultrasonicated 

(Elmasonic ElmaS30H, 80 W) in an aqueous Tween-60 solution (1 %w/v, Sigma 

Aldrich, Australia) at a concentration of 0.1 g·mL-1 for 2 h. Ultrasonication was halted 

every 15 min and the sample stirred with a magnetic stirrer to improve dispersion. The 

black dispersion was then centrifuged at 3200 rpm for 10 min and the supernatant 

removed via pipette. This resulted in an aqueous graphene dispersion at a 

concentration of ~0.1 mg·mL-1. 

Graphene films were prepared as per Chapter 2 Section 2.1.1. The UV-Vis 

transmittance at 550 nm of the resultant graphene films was controlled by varying the 

volume of graphene dispersion (mL) filtered per unit area of the final film (cm-2). The 

amount of supernatant used to produce each film was such that transmittances of 

13 %T to 76 %T were produced for each set of experiments (sheet resistance 

measurements or solar cells etc.). These films were then rinsed thoroughly with MilliQ 

water before their application. 

4.2.2 Solar Cell Fabrication 

Solar cell fabrication details followed those previously described in Chapter 2 

Section 2.1.2.  

4.2.3 Doping of Solar Cells 

Solar cells were doped with SOCl2 and AuCl3 following the procedures 

described in Chapter 2 Section 2.1.3. 

4.2.4 Film Annealing 

All film annealing was performed as per Chapter 2 Section 2.1.4, at a 

temperature of 250 ºC. 
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4.3 Graphene Characterisation 

Aqueous graphene dispersions were prepared using the non-ionic surfactant 

Tween-60, following a modified version of the Guardia et al. [37] method, as discussed 

in Section 4.2.1. While Guardia et al. [37] investigated Tween-80 and Tween-85, they 

did not use Tween-60. As such, an investigation to confirm the presence of graphene 

in the aqueous dispersions reported herein was carried out.  

Figure 4.1(a) shows the Raman spectra of both the initial graphite flakes used 

in the ultrasonication process (see Section 4.2.1) and of a film made via vacuum 

filtration of the resultant dispersion deposited on glass (see Chapter 2 Section 2.1.1). 

The Raman spectrum of the graphene film (red trace) shows a 2D-band (2691 cm-1) 

redshifted 18 cm-1 when compared with the 2D-band of the graphite starting material’s 

Raman spectrum (2709 cm-1). This shift, along with the disappearance of the 

characteristic graphite 2D shoulder (at 2685 cm-1) and a broadening of the peak 

indicates the majority presence of few-layer graphene (FLG) flakes in the dispersion 

[38] as well as providing evidence that the graphene flakes do not restack in an AB 

pattern when being deposited in a film [39]. The redshift observed in the G-band of 

the graphene film (red trace, 1569 cm-1) compared with the G-band of the starting 

graphite material (black trace, 1582 cm-1) is also consistent with previously observed 

Raman spectra of thin films of solvent-assisted and surfactant-assisted exfoliated 

graphene [32, 40]. UV-Vis analysis of the films, inset of Figure 4.1, also shows the 

expected featureless absorption spectrum across the visible range characteristic of the 

Tween-60 surfactant-assisted exfoliated graphene [34]. 



Chapter 4 | | G-Si Schottky Junctions 

  | 129 

 

Figure 4.1: Offset normalised Raman spectra of the graphite flakes used as the starting material 

(black trace) and of a vacuum filtered graphene film deposited on a glass substrate (red trace), 

with the black and red dashed lines showing the position of the graphite and graphene 2D-

band maxima respectively. The inset shows a UV-Vis spectrum of the graphene film. 

To investigate the concentration of the graphene dispersions, five replicate 

solutions were made following the method outlined previously in Section 4.2.1. 

Following their centrifugation, 40 mL of the dispersion was pipetted into 2 L of MilliQ 

water and vacuum filtered through a pre-weighed filter paper. Once pipetted and rinsed 

thoroughly with 2 L of MilliQ water, the filter papers were placed in an oven in 

atmosphere for 24 h at 80 ºC. The filter papers were then weighed and placed back in 

the oven for a further 24 h before being weighed again. As the mass measured was the 

same after both of these drying steps, it was taken to be the true filtrate mass and hence 

the concentration of the solutions was determined. The average concentration of the 

dispersions was thus found to be 0.11 ± 0.03 mg·mL-1.  

Following the determination of the concentrations of the replicates, a series of 

dilutions of each replicate was prepared ranging from a one in five to one in twenty 

dilution. These solutions were then analysed using UV-Vis spectroscopy and their 

absorbance at 660 nm divided by the path length was plotted against the concentration 
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of the solutions, as seen in Figure 4.2 (see Chapter 2 Section 2.2.1). A linear regression 

was then fitted to the data in order to determine the absorption coefficient (α) of the 

graphene dispersion. The absorption coefficient was found to be 2245 ± 117 mL·mg-

1·m-1, which was significantly different to those previously reported in the literature 

for aqueous dispersions of graphene. The initial reports of organic solvent exfoliated 

graphene determined absorption coefficients at 660 nm of 2460 mL·mg-1·m-1 in NMP, 

N,N-dimethylacetamide, γ-butyrolactone and 1,3-dimethyl-2-imidazolidinone [28]. 

However, to determine the concentration of their non-ionic surfactant solutions, 

Guardia et al. [37] used an absorption coefficient of 1390 mL·mg-1·m-1, which had 

been previously reported by Lotya et al. [34] for ionic surfactant SDBS exfoliated 

aqueous graphene dispersions. As Tween-60 is a non-ionic surfactant this may suggest 

that non-ionic solvents may change the absorption coefficient of the solutions and this 

factor should be taken into account in further work. It is worth noting however that 

Lotya et al. [34] did use thermogravimetric analysis to determine the percentage of 

actual graphitic content in their films and found that they were 64 ± 5 % graphitic with 

the rest of the mass attributed to surfactant. Every effort was made to remove any 

residual surfactant in the films used for analysis in this Thesis by copious rinsing of 

the films with MilliQ water, however, it is possible that some residual surfactant did 

remain. Thus, when considering Beer’s Law (Chapter 2 Equation 2.3) the absorption 

coefficient presented here represents a lower limit.   



Chapter 4 | | G-Si Schottky Junctions 

  | 131 

 

Figure 4.2: Concentration of diluted replicate dispersions versus UV-Vis absorbance at 

660 nm divided by the path length. The dashed line is a fitted linear regression, with slope  

2245 ± 117 mL·mg-1·m-1 (Pearson's r = 0.97, R2 = 0.93854). 

Following confirmation of the presence of few layered graphene in the 

dispersions, the physical properties of the films made through its filtration were 

investigated. Films were investigated in their pristine condition, i.e., after deposition 

and removal of the MCE filter paper via acetone washing, and also after thermal 

annealing, as discussed in Section 2.1.4. Film annealing was investigated as it was 

hypothesised that thermal annealing may be able to reduce the amount of residual 

surfactant and MCE left over from the production process of the films, hence 

enhancing the physical properties of the films.  

By controlling the volume of graphene dispersion filtered per unit area of the 

MCE membrane, the optical thickness of these films could be controlled. Figure 4.3(a) 

shows the volume per unit area (mL·cm-2) versus the UV-Vis transmittance of the 

films at 550 nm. The transmittance of the graphene films at 550 nm was found to 

decrease nonlinearly with increased volume of graphene dispersion used for the 

preparation of the films. This non-linear behaviour suggests that there is a limit to the 

thickness of graphene films made using this deposition method, as the UV-Vis 
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transmittance should scale linearly with an increasing number of graphene layers. This 

limit may arise due to the weight of the thicker films embedding the bottom graphene 

flakes more strongly into the MCE filters, causing these flakes to be washed away 

during the film’s removal. Alternatively, at increased thicknesses, the water flow 

through the forming film may become equivalent to the water flow through the stencil 

membrane, causing graphene to be deposited outside of the desired film area. 

Regardless, the relationship between volume filtered and UV-Vis transmittance 

showed reasonable reproducibility, as evidenced by the standard deviations shown in 

Figure 4.3(a). As such, the films’ thicknesses will be described from hereon in by their 

optical transparency, defined as their percentage transmittance at 550 nm (%T). Upon 

thermal annealing, the films showed no change in transmittance at 550 nm (Figure 

4.3(a)).  

Figure 4.3(b) shows the average sheet resistance of the graphene films of 

varying thickness in their pristine and annealed conditions. As expected the thickness 

of the graphene films significantly effects their sheet resistance, with the thickest 

13 %T films having a drop in their sheet resistance of almost an order of magnitude 

compared to the 76 %T films (4.0 ± 0.2 × 106 Ω·square-1 and 

2.7 ± 0.2 × 105 Ω·square-1, respectively). The sheet resistance of the pristine films 

appears to show two regimes within the films, a thin film regime and a thick film 

regime. While the sheet resistance of the two thinnest films is the same within 

experimental error, the three thicker films show decreasing sheet resistance with 

increasing thickness. These two regimes were much more prominent when the sheet 

resistance of the films was measured again post annealing. As Figure 4.3(b) shows, 

the sheet resistance of the thinner 76 %T and 60 %T films remained constant, within 

experimental error, while there was a nearly three orders of magnitude decrease in 

sheet resistance for the thicker films, with the 23 %T film showing the best 

performance at 2.8 ± 0.3 × 103 Ω·square-1. These sheet resistances compare 

favourably with other surfactant-assisted exfoliated graphene films such as those by 

Lotya et al. [34] (higher sheet resistance but higher transparency), De et al. [41] 

(comparable sheet resistance and transmittance but annealed at 500 °C) and Guardia 

et al. [37] (lower conductivities with opaque films).  

It is hypothesised that there are two contributing factors to the changes in sheet 

resistance observed in the pristine and annealed films. The first difference between the 

two regimes is that the thin films are largely incomplete films, with graphene flakes 
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acting as islands along the length of the film. Thus, electrons are unable to travel 

directly between flakes across large distances and must instead follow a hopping 

mechanism, increasing the sheet resistance of the films. 

 

Figure 4.3: (a) UV-Vis transmittance at 550 nm of pristine (black squares) and annealed (red 

circles) graphene films of varying thicknesses on glass and (b) sheet resistance of graphene 

films of varying thickness on glass measured pristine, after annealing in forming gas for 2 h 

and then 4 h after annealing (error bars are present on all data points).  

To investigate this potential factor, the film formation was observed by 

performing AFM on both 76 %T and 23 %T films that were deposited on silicon 

substrates, seen in Figure 4.4(a-c). Comparison of a 5 × 5 µm area on a 76 %T film 

(Figure 4.4(a)) and a 10 × 10 µm area on a 23 %T film (Figure 4.4(c)) shows a clear 

difference between the film morphologies in both lateral and vertical dimensions. 

Figure 4.4(a) shows several few-layer (and thicker) graphene flakes spread across the 

imaged area. Figure 4.4(b) shows a 1×1 µm zoom in of one of the few-layer flake seen 

in Figure 4.4(a) with the corresponding cross sections presented in Figure 4.4(d), 

showing an average flake thickness of 6.4 nm. This flake and others can be seen spread 

out from each other with the silicon substrate beneath clearly visible. Figure 4.4(c), 

however, shows a very densely packed film with no apparent silicon substrate visible 

underneath, with a greater maximum height scale of 400 nm.  
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Figure 4.4: Representative AFM images of (a) 5×5 µm area of a 76 %T film on silicon 

substrate, (b) a zoom in on a 1×1 µm area showing an exfoliated graphene flake exhibiting 

characteristic wrinkling, (c) a 10×10 µm area of a 23 %T film on a silicon substrate, and (d) 

trace heights of the graphene flake seen in (b) showing an average height of 6.4 nm. 

The second difference between the films arises from the film production 

method. Due to the small volumes of graphene dispersion being filtered, 45 µL in the 

case of the thinnest films, film inconsistencies occurred within filter papers if the 

dispersions were not first diluted before filtration. Thus, in order to ensure consistent 

film production, all films were prepared by diluting the volume of stock solution for 

the required thickness of the film in 1 L of water. It was therefore expected that the 

thinner films would have inherently less residual surfactant as the solution would be 

more dilute before filtering. Despite rinsing with copious amounts of water, the thicker 

films could still have more residual insulating surfactant between the graphene flakes, 

and hence a higher sheet resistance. When the films were then annealed, this residual 
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surfactant decomposed and the graphene flakes were brought into better electrical 

contact with each other resulting in lower sheet resistances, with Figure 4.3(b) showing 

that this decrease in sheet resistance is stable at least 4 h after the annealing treatment. 
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4.4 Photovoltaic Characterisation of the Initial G-Si 

Solar Cells 

The processing steps used in the initial photovoltaic characterisation of the  

G-Si Schottky junction solar cells are set out in Figure 4.5. Once the film had been 

applied (Figure 4.5(i)) there were still a number of steps that needed to be taken before 

the cell could be tested. In order to make an electrical connection between the silicon 

substrate and the stainless steel back electrode of the cell (Chapter 2 Figure 2.1), the 

100 nm thermal oxide layer on the back of the Si substrate must be removed. This was 

achieved by etching the back of the cell with BOE (Figure 4.5(ii)), and after rinsing 

with MilliQ water and ethanol and drying under nitrogen eGaIn could be applied to 

both the Si substrate and the stainless steel plate, forming an electrical junction 

(Chapter 2 Section 2.1.2). At this stage, the cell was fully functional and its 

photovoltaic properties could be investigated. 

 

Figure 4.5: Scheme showing the processing steps used in the initial photovoltaic 

characterisation of the G-Si Schottky junction solar cells. 

In order to understand the photovoltaic behaviour of the cells after each 

treatment step, the JSC, VOC, FF and PCE were plotted against time  and shown in 

Figure 4.6, Figure 4.7, Figure 4.9 and Figure 4.10. Initially, straight after cell assembly 

(0 h), the cells exhibit low JSC (Figure 4.6(a)) and FF (Figure 4.6(c)) along with a 

moderate VOC (Figure 4.6(b)), with a representative J-V curve displayed in the black 
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trace of Figure 4.8(i). Due to the low JSC and FF the PCE of the cells is ultimately low 

(Figure 4.6(d)). However, when the cells were stored in ambient conditions and 

retested after 3 h and 5 h and again at 22 h and 24 h, an increase in their JSC and VOC 

was observed. In order to investigate this apparent gradual aging effect, the cells were 

stored in ambient conditions for 13 days (312 h) with periodical testing carried out 

over this time period. A gradual increase in both JSC and VOC, and thus PCE, was 

observed, before an eventual plateau after approximately 168 h (Figure 4.6 (a, b & d)). 

This same trend was not observed for the FF of the cells, which remained constant. 

This extended time dependence is proposed to be due to the gradual growth of the 

native oxide layer at the interface of the graphene film and the n-type silicon.  

While the 100 nm thermal silicon oxide layer present on the Si substrate is 

removed with BOE etching prior to the application of the graphene films, it can regrow 

during both the cell assembly process, as well as post-assembly when the cells are 

exposed to atmosphere [19, 20, 42]. While graphene has been found to be impermeable 

to air [43], it has been observed that CVD grown graphene does not prevent the growth 

of native oxide at the G-Si interface [18, 19]. Native oxide growth has also been shown 

to continue growing after CNT deposition in CNT-Si solar cells [44, 45], which have 

a more comparable morphology to the patchwork nature of the films made from 

graphene flakes discussed here. 

Song et al. [20] found an increase in VOC with increasing silicon oxide 

thickness in their CVD G-Si Schottky junction solar cells, but observed a decrease in 

JSC and FF. A possible reason for the difference in behaviour is that the CVD graphene 

of Song et al. [20] may make better morphological contact with their underlying 

substrate. Furthermore, they controlled their oxide thicknesses by changing the amount 

of time between their etching of the Si substrate and the deposition of their graphene, 

but did not repeatedly measure their cells again after their initial measurements, as was 

performed here. 
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Figure 4.6: Effect of time on the photovoltaic properties of G-Si solar cells after BOE etching 

of the back of the silicon substrate, specifically (a) JSC, (b) VOC, (c) FF and (d) PCE. 

It has been shown previously [4, 5] in the CNT-Si architecture that exposure 

of the CNT-Si interface to dilute HF acid can increase the PCE of the cells, specifically 

by increasing their FF. To investigate this effect on the G-Si architecture, the G-Si 

interface of the cells was exposed to dilute HF acid and the cells re-tested. Similarly 

to the CNT-Si cells, there was an immediate increase in the FF of the cells of 

approximately 40 %, seen in the red circles of Figure 4.7(c). Exposure of the G-Si 

interface to HF acid etches away the native oxide layer present between the two 

surfaces, bringing them into much better electrical contact with each other. This means 

that the ability of separated electron-hole pairs to recombine is reduced and the charge 

carriers can be more easily collected at their respective electrodes, resulting in an 

increased FF of the cells.  

However, unlike in CNT-Si architectures [5], where the JSC of the cells 

remained stable after HF etching and the VOC was only slightly reduced (~10 %), in 

the G-Si solar cells, both the JSC (Figure 4.7(a))and VOC (Figure 4.7(b)) were reduced 

to values lower than initially measured immediately after BOE etching of the back 

contact. As mentioned in Section 4.1, the exact mechanism of action, e.g. Schottky 
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junction, metal insulator semiconductor (MIS), or p-n junction, in the CNT-Si 

architecture is still debated and can be affected by a number of factors [46, 47]. In 

contrast to this, G-Si cells have been shown to follow a Schottky junction mechanism 

of action and it is therefore not unexpected that they would behave differently when 

exposed to HF etching. The subsequent removal of the native oxide layer decreases 

the size of the charge depletion region, decreasing the VOC of the cells. This reduction 

in the VOC would have a concomitant effect on the JSC of the cells as they are now 

unable to drive as much charge throughout the circuit.    

Periodic light testing of the G-Si cells after the HF etch showed that the 

reductions in JSC (Figure 4.7(a)) and VOC (Figure 4.7(b)) were not permanent, as they 

again increased over a period of approximately 216 h. These observed changes in VOC 

occur on a similar scale to those reported by Song et al. [20]. Over the same period the 

FF also increased (Figure 4.7(c)), although the proportion of this increase was not as 

significant compared with the JSC and VOC. The increases in these photovoltaic 

properties are again attributed to the growth of an oxide layer between the G-Si 

interface. This occurs over the same time period as the initial growth which occurs 

during cell assembly, and would appear to reach similar levels, given the return of the 

JSC and VOC to their pre-HF etch values. This oxide layer however is in much better 

electrical contact with the two surfaces and as such the FF of the cells is preserved, 

and even increased, as it grows back. These factors ultimately led to the highest PCE 

for the cells being observed 240 h post HF etch, with a representative J-V curve of this 

shown in the red trace of Figure 4.8(ii). 

Thionyl chloride has been shown to be an effective p-type dopant in CVD G-

Si Schottky junctions [9, 17] as well as for CNT-Si heterojunctions [5, 6, 46]. Given 

the ubiquity of doping nanocarbon-based materials with SOCl2, this was also used here 

for the G-Si solar cells as outlined in Chapter 2 Section 2.1.3. The resultant 

photovoltaic properties of the cells can be seen in Figure 4.9, with SOCl2 exposure 

causing a decrease in JSC (Figure 4.9(a)) and FF (Figure 4.9(c)) of the cells, resulting 

in an approximately two thirds reduction in cell PCE (Figure 4.9(d)). The decrease in 

FF may be expected, as the SOCl2 may react with the silicon substrate and form a 

thicker oxide layer between it and the graphene [48], by passing through the flakes of 

the graphene films. This effect would not be observed in CVD G-Si Schottky junctions 

as these cells have more complete layers of graphene, which would prevent the SOCl2 

from reaching the underlying Si substrate. SOCl2 has been shown to increase the work 
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function of graphene films and decrease their sheet resistance [9, 17], thus increasing 

the VOC and JSC of G-Si solar cells made with SOCl2 doped graphene. This increase in 

JSC and VOC may not be observed in the G-Si solar cells presented here however due 

to the artificially large silicon oxide layer SOCl2 exposure creates in these systems. 

 

Figure 4.7: Effect of an HF etch on the G-Si interface on the photovoltaic properties of G-Si 

solar cells (red), specifically (a) JSC, (b) VOC, (c) FF and (d) PCE (prior values of the cells from 

the last back etch measurement are shown in black). 
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Figure 4.8: Representative J-V curves for (i) a pristine G-Si solar cell and (ii) a G-Si solar cell 

240 h after its 1st HF etch. 

In CNT-Si cells which also have a Si substrate easily reached by SOCl2, 

subsequent exposure of the CNT-Si interface to dilute HF acid for a second time results 

in an increase in JSC and FF, and hence PCE of the cells, with these values being greater 

than those achieved after the initial exposure [48]. To investigate whether this effect 

would be observed in the G-Si architecture, the cells were exposed to a second HF 

treatment, and their photovoltaic properties monitored over time, as seen in Figure 4.9. 

The cells showed the expected immediate improvement in their FF (Figure 4.9(c)), 

with a concomitant increase in JSC (Figure 4.9(a)) and decrease in VOC (Figure 4.9(b)). 

The initial increase in JSC was replaced by a reduction over a period of 24 h, before the 

cell again showed improved JSC values which began to plateau at values similar to their 

pre-SOCl2 exposure. This trend was also observed in the VOC of the cells, albeit on a 

longer time period, with plateauing not occurring until after approximately 48 h. These 

effects caused by the regrowth of the silicon oxide layer resulted in an eventual 

increase in the cells’ PCE back to values approximately three quarters of their pre-

SOCl2 exposure (Figure 4.9(d)). 
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Figure 4.9: Effect of exposure to SOCl2 (green) and then a second HF etch (blue) of the G-Si 

interface on the photovoltaic properties of G-Si solar cells, specifically (a) JSC, (b) VOC, (c) FF 

and (d) PCE (prior values of the cells from the first HF etch measurement are shown in red). 

As well as giving valuable information about the effects of the native and 

regrown silicon oxide layer between the G-Si interface and the deleterious effects of 

SOCl2 exposure on the cells, this initial photovoltaic characterisation provided a good 

indication of the robustness of these G-Si Schottky junctions. As Figure 4.10 shows, 

during the entire investigation, the cells were tested under AM1.5G conditions a total 

of 44 times, and the G-Si interface exposed to dilute HF acid twice, as well as SOCl2. 

Despite these treatments, and the storage of the cells in ambient conditions in between 

light testing, they remained functional for 966 h, before testing was brought to a close 

due to the plateauing of the cells’ performance. 
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Figure 4.10: Effect of treatment steps and time on the photovoltaic properties of G-Si solar 

cells, specifically (a) JSC, (b) VOC, (c) FF and (d) PCE. 
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4.5 Effect of Film Thickness on Photovoltaic 

Performance 

After the initial photovoltaic characterisation of the G-Si Schottky junction 

solar cells, the effect of the film thickness, measured by the film optical transmittance 

at 550 nm (as per Section 4.2.1), on the photovoltaic performance of the cells was 

investigated. It was expected that there would be a maximum PCE found in a series of 

thicknesses due to the trade-off between the amount of light that a film can let through 

to the G-Si interface with increasing optical transparency versus its increasing sheet 

resistance. Films of five thicknesses, with increasing optical transparencies at 550 nm 

of 13 %T, 23 %T, 37 %T, 60 %T and 76 %T, were used to make G-Si Schottky 

junctions which were then tested under AM1.5G conditions.  

After the initial photovoltaic investigations, it was decided that the cells should 

be back etched, then immediately exposed to a front HF etch and then tested, denoted 

throughout as 0 h. The JSC (Figure 4.11(a)), VOC (Figure 4.11(c)), FF (Figure 4.11(e)) 

and PCE (Figure 4.11(g)) of cells of all film thicknesses were found to have a time 

dependence related to the HF etching of the front junction. This time dependence was 

most marked in the first 48 h after etching but began to plateau after approximately 

150 h. The maximum post-HF etch JSC, VOC, FF and PCE can also be seen in Figure 

4.11(b, d, f & h) respectively. 

As can be seen in the pink and blue series of Figure 4.11(a), the G-Si Schottky 

junctions made with the two lowest optical transmittances, i.e. the two thickest films, 

both showed an eventual improvement in their JSC after HF etching. Figure 4.11(b) 

also shows that their improved JSC was also statistically significant compared with 

Schottky junctions made with the three higher optical transmittances. While the 

Schottky junctions with three higher optical transmittances did show improved JSC 

over time, these values did not exceed their original post-etch value, and were also 

lower than the junctions made with the lowest transmittances. The Schottky junctions 

made with films with the highest optical transmittance, i.e., the thinnest films were 

found to have a significantly lower maximum JSC than all other junctions. That a 

general trend of increasing JSC with decreasing optical transmittance, and thus 

increasing film thickness, was observed is not surprising. It was shown in Section 4.3 

Figure 4.3(b) that the sheet resistance of the films with lower optical transmittances 

was lower than that of films with high optical transmittances. Thus, although fewer 
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photons reach the G-Si interface of cells made with low optical transmittance, the 

photocurrent that can be generated is able to travel through the circuit much more 

easily than current generated in cells with high optical transmittance.  

Analysis of Figure 4.11(c) shows that the VOC of the solar cells of all film 

thicknesses did not recover to their post-HF etch values. Figure 4.11(d) also shows that 

there was no significant difference between the maximum VOC achieved post-HF etch 

between the solar cells made with graphene films of varying thicknesses. HF etching 

did however significantly reduce the inter-sample variation seen in the 76 %T cells 

(black series in Figure 4.11(d)). 

Figure 4.11(e) shows that the cells made with 76 %T (black series), 60 %T (red 

series) and 23 %T (blue series) graphene films saw increases in their fill factors 

following HF etching, as expected. No significant change was seen in the FF of cells 

with the thickest 13 %T (pink series) films and a decrease in FF was observed in the 

cells made with the 37 %T films (green series). The HF etching had the largest effect 

on the FF of the cells made using the 76 %T and 60 %T films, with these FFs being 

significantly higher than the other three cells with thicker films (Figure 4.11(f)). This 

was an unexpected result, as these films are the least complete of the five thicknesses 

investigated and also have the highest sheet resistance. Although these thinner films 

are incomplete, removal of the native oxide layer may improve the electrical contact 

between the flakes as they move closer to each other and the underlying Si substrate 

post-etching, improving their FF. Furthermore, the thin nature of these films may 

reduce the number of flake-flake hopping events charge carriers require to travel from 

the G-Si interface into the graphene film for conduction, again increasing cell FF.  

When the responses of the JSC, VOC and FF of the Schottky junctions were 

analysed via the PCE of the junctions, as seen in Figure 4.11(g and h), it can be seen 

that there was a decrease in PCE with an increase in optical transmittance. That is, as 

the thickness of the graphene films used to make the cells decreased, the overall 

photovoltaic performance of the cells decreased. However, there did appear to be a 

bimodal maximisation that occurred with cells with films of 23 %T and 60 %T. This 

again agrees with the existence of two film thickness regimes, consistent with the sheet 

resistance of the films discussed previously in Section 4.3 and seen in Figure 4.3(b).  

The maximum PCE found for the pristine cells was 0.06 %, at a film thickness 

of 23 %T. This PCE was achieved with a JSC of 0.68 mA·cm-2, VOC of 0.41 V and a 

FF of 0.21. This PCE was low compared with the first CVD G-Si Schottky junction 
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produced by Li et al. [8], however, agreement between the cell VOC was reasonable (at 

0.42 - 0.48 V for CVD compared with 0.41 V). This is further proof that the aqueous 

surfactant-assisted exfoliated graphene dispersions are indeed few-layer graphene. 
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Figure 4.11: Effect of HF etching on the (a) JSC, (c) VOC, (e) FF and (g) PCE of G-Si 

Schottky junctions with graphene films of varying optical transmittance with the maximum 

(b) JSC, (d) VOC, (f) FF and (h) PCE acheived for by G-Si Schottky junctions with each 

optical transparency after the HF etch.  
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4.6 Effect of Thermal Annealing on Photovoltaic 

Performance  

As the sheet resistance of the thicker graphene films was greatly reduced after 

annealing (Section 4.3), two sets of G-Si cells were prepared to investigate the effect 

of annealing the graphene film on the photovoltaic performance of the G-Si cells. The 

thin (60 %T) and thick films (23 %T) with the best photovoltaic performance, as 

shown in Figure 4.11(h), were prepared as per Chapter 2 Sections 2.1.1 and 2.1.2. 

Before the back etch step, the cells were annealed under the same conditions as the 

films on glass used for sheet resistance measurements. Once the cells were annealed 

they were back and front etched using BOE and HF respectively, as per Chapter 2 

Section 2.1.2. Figure 4.12(a) shows representative dark and light J-V curves of G-Si 

Schottky junctions made with both pristine and annealed 60 %T and 23 %T graphene 

films over the range -1 to 1 V, with Figure 4.12(b) showing the light J-V curves in the 

power quadrant. Figure 4.13(d) shows the PCE of the annealed cells after back and 

front etching. Comparison of Figure 4.11(h) and Figure 4.13(d) shows that the same 

time dependent trend of cell PCE observed in pristine film cells is also observed in the 

annealed film cells. More importantly, while the thin film performance (red series) has 

been slightly reduced when compared to the pristine cells, the thicker 23 %T film cells 

(blue series) show an relative improvement in PCE of 50 % even upon initial testing, 

which rose to over 100 % relative increase over the course of 3 days (0.06 % to 

0.13 %).  

Figure 4.12(b) and Figure 4.13(a) show that the observed increase in the PCE 

of the solar cells was due mainly to the increase in the average JSC of the junctions (a 

200 % increase compared with the pristine cells, Figure 4.12(b)). There was no 

significant change in either the VOC (Figure 4.13(b)) or FF (Figure 4.13(c)) of the cells 

made with 26 %T films (blue series) compared with their pristine equivalents. The 

comparatively larger increase in FF observed for solar cells made with pristine 60 %T 

films was again observed in the annealed samples (red series), although the maximum 

FF achieved was lower in the annealed junctions. 

The increase in JSC of the cells is in line with the observed decrease in sheet 

resistance of the annealed films in Figure 4.3(b). As the sheet resistance of the films 

was decreased, due to the loss of residual surfactant, it is easier for holes (charge 

carriers) to be transported from the graphene-silicon interface through the graphene to 
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the front electrode and hence the measured JSC is increased. As the annealing does not 

result in the knitting together of graphene flakes, there are still a large number of 

recombination sites within the graphene sheet suppressing the FF. However, this 

simple annealing step still further improved the JSC of these junctions in comparison 

to early CVD G-Si cells, with the JSC approaching 34 to 56 % of the CVD G-Si cells 

[8]. 

 

Figure 4.12: (a) Representative dark (dashed lines) and light J-V curves (solid lines) of G-Si 

Schottky junctions over the range -1 to 1 V, with (b) showing the light J-V curves in the power 

quadrant only.  
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Figure 4.13: Effect of time on the photovoltaic performance of G-Si Schottky junctions made 

using annealed films of 60 %T (red) and 23 %T (blue) optical transmittance, specifically (a) 

JSC, (b) VOC, (c) FF and (d) PCE. 
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4.7 Effect of Chemical Doping on Photovoltaic 

Performance 

Previous G-Si heterojunctions have shown marked improvement with doping 

of the graphene films. Figure 4.14(a) shows representative dark and light J-V curves 

of the best performed G-Si cells both pre- and post-doping with the chemical dopants 

HNO3 and AuCl3 (Chapter 2 Section 2.1.3), with Figure 4.14(b) showing the light J-V 

curves in the power quadrant only. Both HNO3 [17, 49] and AuCl3 [50] are known p-

type dopants of graphene with similar charge transfer mechanisms of doping. In the 

case of HNO3 vapour, HNO3 molecules are adsorbed onto the surface of the graphene. 

Electrons are then donated from the graphene (p-doping the graphene) to the HNO3 

resulting in the release of NO2 and H2O, as seen in Equation 4.1 [51]. 

6HNO 25C → C NO ∙ 4HNO NO 2H O 

Equation 4.1 

Conversely AuCl3 doping involves a two-step process, seen in Equation 4.2 

and Equation 4.3 [52]. AuCl3 is adsorbed onto the surface and can accept electrons 

from the graphene (p-doping the graphene), to form AuCl2
- and AuCl4. The gold in 

these AuCl2
- complexes is then further reduced by the graphene, further p-doping it, 

to form gold nanoparticles [52].  

2Graphene 2AuCl → 2Graphene AuCl AuCl  

Equation 4.2 

3AuCl ⇌ 2Au ↓ AuCl 2Cl  

Equation 4.3 

Figure 4.15 shows the PCE of pristine cells pre-doping (grey shaded area) with 

HNO3 (Figure 4.15(a)) and AuCl3 (Figure 4.15(b)) and post-doping. Exposing cells to 

concentrated HNO3 fumes for 2 min resulted in a large initial increase in the PCE of 

all of the cells with the exception of the thinnest graphene film (76 %T, black trace of 

Figure 4.15(a)). This large increase in PCE, shown in the representative J-V curves in 

Figure 4.14(b), is mainly due to increases in the JSC of the cells. Although there are 

slight increases in both the FF (10-20 %) and VOC (10 %) of the cells when doped with 

HNO3 and AuCl3, they are not commensurate with the large increases often seen in the 

chemical doping of CVD G-Si Schottky junctions [9, 16]. A change in the CVD cell 
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VOC is often attributed to the shifting of the graphene’s work function [9, 17, 50], 

which raises the Schottky barrier height of the system and hence increases the VOC. 

The current work however deals with films which consist of flakes of few-layer 

graphene stacked successively on top of each other. Work by Crowther et al. [53] with 

graphene of varying thickness of 1-10 layers has shown that while adsorbed NO2 

species can shift the Fermi level of graphene, only the two layers closest to the site of 

exposure are significantly doped, while no electric field is present deeper within the 

sample. This means that while the transport of electrons injected into the stacked 

graphene film should be enhanced due to the upper layers reduced sheet resistance 

[49], there is no large scale doping occurring right at the G-Si interface and hence a 

large change in VOC is unlikely.   

After this initial PCE increase due to the rise in JSC, there is a decrease in the 

PCE of cells doped with HNO3. However, for the three thicker films the PCE of the 

HNO3 doped cells remains higher than the pre-doped values (pink, blue and green 

traces of Figure 4.15(a)). In contrast to this behaviour, the three thick film cells doped 

by spin coating of AuCl3 (pink, blue and green traces of Figure 4.15(b)) showed an 

increase in PCE which was retained over the course of testing. This difference is most 

likely due to the different method in which the cells are exposed to the two dopants. 

In the case of exposure to concentrated HNO3 vapour, HNO3 can penetrate into the 

graphene films as well as adsorb onto the top of the film, allowing for supersaturation 

of the films. This accounts for the large increases in JSC observed when the film was 

tested straight after doping. Testing the films however, along with the passage of time, 

allows for the excess HNO3 to evaporate [19], and hence the PCE of the cells drops 

compared to the initial test but as some HNO3 remains, the PCE still remains higher 

than the pre-doped instance. Doping of the cells with AuCl3 however, occurs by 

dynamically spin coating AuCl3 in ethyl ether solution onto the cells. In this method 

there is no chance for excess AuCl3 to enter the films. The AuCl3 that is deposited 

forms stable nanoparticles [52] and hence testing of the cells and passing of time does 

not result in any AuCl3 being displaced and hence a drop in PCE is not observed. 

Indeed, gold nanoparticles can be used to dope G-Si solar cells by using radio 

frequency sputtering to deposit the gold and subsequently annealing the samples at 

400 ºC for 10 min [54]. This non-solvent deposited gold was found to produce stable 

solar cell doping for up to 15 days with the cells being stored in ambient conditions 

[54].  
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Figure 4.15 also shows the PCE of annealed cells pre-doping (grey shaded 

area) and post-doping with HNO3 (Figure 4.15(c)) and AuCl3 (Figure 4.15(d)). The 

same trend that was present in the pristine cells is again apparent when annealed cells 

are doped, with both the thick and thin annealed film cells behaving in the same 

manner as their pristine counterparts. The overall magnitude of the lasting 

enhancement in both the HNO3 and AuCl3 cases is reduced in the annealed cells. In 

the case of the HNO3 doping, this may be explained by the lack of residual surfactant 

present in the graphene films. It is conceivable that one of the reasons for the enhanced 

performance of the pristine cells when exposed to HNO3 is that the HNO3 removes 

residual surfactant from the films, reducing recombination sites and enhancing the 

PCE, prior to any chemical doping effects. In the case of annealed cells however, this 

enhancement has already taken place and hence the only effect that the HNO3 can have 

is via chemical doping. In the case of AuCl3 doping, the lack of surfactant may 

however be detrimental, as metal clusters have been shown to have a good affinity for 

reduction promoting crown-ether-like cavities in polyethylene oxide (PEO) 

surfactants, similar to Tween-60, and block copolymers [55, 56]. Hence, when exposed 

to annealed surfaces with less–to-no surfactant, less AuCl3 is likely to be adsorbed and 

less chemical doping occurs. 

These doping results show promising improvements in the PCE of the cells, 

with the thicker pristine AuCl3 doped 23 %T cells showing an order of magnitude 

increase compared with the original, pristine and undoped cells. That these doped cell 

performances remain constant over the course of 7 days in ambient cell storage 

conditions, and that the cells in general remain stable over a period of three months 

(PCE ≈ 0.1 % for a non-optimised cell), shows that this aqueous solution processed 

approach to G-Si Schottky junction presents a promising new approach.  
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Figure 4.14: (a) Representative dark (dashed lines) and light (solid lines) J-V curves for G-Si 

cells pre-doping (squares and up triangles) and post- nitric acid (diamonds) and gold chloride 

(down triangles) doping and (b) the representative light J-V curves in the power quadrant only. 

 

Figure 4.15: PCE of G-Si cells made with graphene films of various thicknesses both pre-

doping (in grey area) and post- (a) nitric acid and (b) gold chloride doping as well as 

annealed film cell’s PCEs both pre- and post- (c) nitric acid and (d) gold chloride doping.  
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4.8 Conclusions 

With a maximum PCE of 0.9 % and optimised stable PCE of 0.4 %, the Tween-

60 surfactant-assisted exfoliated graphene exhibited improved photovoltaic 

performance over reported GO and rGO cells of similar architecture (highest reported 

PCE of 0.3 %) [21]. This likely stems from improved conductivity in the pristine 

graphene flakes. However, G-Si cells fabricated from CVD produced graphene have 

shown higher PCEs of up to 15.6 % [20]. The improvement of the CVD derived films 

is a result of the larger graphene flake size reducing charge resistance related to flake-

flake charge hopping. The higher conductivity allows for thinner films which increases 

transparency and allows for more light at the G-Si interface thus enhancing the effect 

of doping, as discussed earlier [53].  

The solar cell performance should also be considered in terms of 

manufacturing cost and potential scalability of production. Solution processed 

graphene is capable of being fabricated on large scales from naturally occurring 

graphite with little input energy. In contrast, CVD growth is a high temperature process 

with limited scalability. 

The initial reported PCE of CVD derived G-Si Schottky junction solar cell in 

2010 was 1.65 % [8]. During the following 4 years gradual improvements have been 

achieved with the current record of 15.6 % recorded early 2015 [20]. It is foreseeable 

that surfactant-assisted exfoliated graphene could follow a similar path after the initial 

work reported in this Thesis with incremental increases likely by optimising film 

doping, uniformity and increasing graphene flake size.  

Furthermore, the results shown here suggest that further work in this area 

should focus on increasing the lateral dimensions of the graphene flakes and the 

conductivity of the resultant films at higher optical transparencies, as higher 

transparencies will result in a larger photon flux reaching the G-Si interface. 

In summary, surfactant-assisted exfoliated graphene was used to make 

transparent conducting electrodes which were then used for photovoltaic G-Si 

Schottky junctions. The effect of film thickness on the photovoltaic properties of these 

G-Si Schottky junctions was investigated and devices with an optimal film thickness 

of 23 %T were found to have a power conversion efficiency of 0.06 %. This efficiency 

was doubled (0.13 %) when the graphene films were annealed in mild conditions. 

Chemical doping with HNO3 was able to increase the PCE for a short duration up to 
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0.9 % while doping with AuCl3 was found to stably (> 100 h) increase the PCE to 

0.4 %.  
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Chapter 5 

RGO-Si Schottky Junctions 

 

Aqueous	 GO	 dispersions	 were	 used	 to	 prepare	 GO	 thin	 films	 via	

vacuum	 filtration.	 Subsequently,	 these	 films	were	 characterised	and	 then	

investigated	 for	 their	 use	 in	 RGO‐Si	 Schottky	 junction	 solar	 cells.	 The	

photovoltaic	properties	of	 the	RGO‐Si	 solar	 cells	were	optimised	 through	

investigation	 of	 the	 effects	 of	 GO	 film	 annealing	 temperature	 and	 film	

thickness	and	finally	through	chemical	doping.		
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5.1 Introduction 

As discussed previously in Chapter 4, there has been increasing interest in 

nanocarbon-based material-silicon photovoltaic systems with the main focus of current 

research being CNT-Si heterojunctions [1] and G-Si Schottky junctions [2]. Since the 

first report of a G-Si Schottky junction [3], the large majority of the work in this field 

has focused on graphene produced using CVD [2]. While CVD graphene may be 

favoured due to its relatively homogenous nature and structure, it lacks the ease of 

processing and the possibility for production at commercial scales which can be 

achieved by solution processing methods. 

There are two main approaches to producing graphene via solution processing, 

with the main distinction being whether the end product has been chemically modified 

from the starting pristine graphite material. Non-chemically modified graphene can be 

exfoliated from graphite in the solution phase through a variety of methods, including 

the use of surfactants [4, 5], organic solvents with sonication [6-8], and more recently 

shear [9, 10]. GO is the most well-known form of chemically modified graphene. It is 

generally produced using either the Hummer’s [11] or modified Hummer’s methods 

[12-14], with these methods capable of producing large quantities of single-layer GO, 

which due to its highly oxidised basal surface can be easily suspended in water at high 

concentrations. However, these same oxygen moieties cause a large decrease in the 

conductivity and transparency of resultant GO films, and hence numerous reduction 

methods [15] using either temperature or chemical reduction, are employed to produce 

RGO films with more desirable physical properties. 

While Chapter 4 presented an investigation into the application of solution 

processed graphene that has not been chemically modified in the G-Si Schottky 

junction, this chapter instead focuses on the use of GO to make thin films which can 

then be reduced to form RGO-Si heterojunctions. The application of solution 

processed pristine graphene has seen little research by others but there have been a 

number of recent papers investigating GO and RGO-Si heterojunctions [16-19]. 

Additionally, there have been several other reports which use GO or RGO in some 

capacity in nanocarbon-based material-silicon systems, whether as an intermediate 

layer between another carbon layer, such as the semiconducting polymer PEDOT:PSS 

[20, 21], or as a surfactant for the suspension of CNTs to produce CNT:GO-Si cells 

[22]. 
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The device architecture of RGO-Si solar cells is an important feature, as the 

achievable power conversion efficiencies (PCEs) differ vastly between architectures. 

The most simple of the architectures consists of an n- [17-19] or p-type [16] Si 

substrate upon which a thin film of RGO is deposited as a transparent conducting layer 

(see Figure 1.15 for a representative energy level diagram). These have achieved PCEs 

ranging from 0.02 % [16] to 0.31 % [19]. GO has also been used as a buffer layer or 

filler material, or both, in systems which typically also contain PEDOT:PSS to great 

success. Liu et al. [20] used a partially thermally reduced GO as a buffer layer between 

a Si substrate and a PEDOT:PSS:GO composite and achieved a PCE of 10 %, while a 

2.4 nm thick buffer layer of GO was used by Khatri et al. [21] between a 

PEDOT:PSS:GO-Si interface for a PCE of 11 %. GO can also be used to help suspend 

CNTs in aqueous solutions, with the resultant dispersion then filtered to produce 

CNT:GO-Si cells with a PCE of up to 6 % [22]. 

Previous work investigating RGO-Si solar cells have so far not investigated the 

effect chemical doping has on their photovoltaic performance. This is despite 

numerous examples in the literature of the beneficial effects of chemical doping of 

CVD G-Si solar cells [23-27], as well as the work shown in Chapter 4 for surfactant 

assisted exfoliated graphene. This chapter thus investigates the optimisation of a 

readily scalable RGO film production method, along with an investigation of the 

resultant RGO-Si solar cell performance upon chemical doping with common 

chemical dopants, SOCl2 and AuCl3.  
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5.2 Experimental Methods 

5.2.1 GO Film Fabrication 

The GO suspensions used in the production of GO films for this chapter were 

first prepared by evaporating the ethanol from 2 mL of a commercial single-layer GO 

dispersion in ethanol (5 mg·mL-1, 0.5-2.0 µm flake size, Advanced Chemicals 

Supplier, USA). Once dried, the remaining solid GO (5.2 mg) was resuspended in 

MilliQ water (10 mL) via ultrasonication (Elmasonic Elma S30H, 80 W) for 30 min, 

producing an aqueous GO dispersion (0.5 mg·mL-1). GO films were then prepared as 

per Chapter 2 Section 2.1.1. 

5.2.2 Solar Cell Fabrication 

Solar cell fabrication details followed those previously described in Chapter 2 

Section 2.1.2.  

5.2.3 Film Annealing 

All film annealing was performed as per Chapter 2 Section 2.1.4, with the tube 

furnace operating at temperatures from 150 ºC to 400 ºC. 

5.2.4  Doping of Solar Cells 

Solar cells were doped with SOCl2 and AuCl3 following the procedures 

described in Chapter 2 Section 2.1.3. 
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5.3 Characterisation of the Temperature Dependence 

of Reduced Graphene Oxide 

To investigate the effect of annealing temperature on the GO films, films of the 

same thickness, deposited on glass slides, were annealed at 150 ºC, 200 ºC, 300 ºC and 

400 ºC. Film thickness was controlled in this study by using the same volume of GO 

dispersion per unit area of film each time a set of films was produced (66 µL·cm-2). 

The UV-Vis spectrum (Figure 5.1(a & b)), Raman spectrum (Figure 5.1(c)) and sheet 

resistance (Figure 5.1(d)) of each film was measured prior to annealing, and 

immediately after annealing once cooled to room temperature. As expected (Chapter 

2 Section 2.2.1 Figure 2.2(c)), the UV-Vis spectra of the GO and RGO films were 

broad and featureless (Figure 5.1(a)), with a large decrease in the transmittance at 

550 nm observable from the lowest annealing temperature of 150 ºC (Figure 5.1(b)). 

The optical bandgap of the GO and RGO films can be determined from a Tauc plot, 

using the relationship: 

αhn hn E  

Equation 5.1 

where α is the extinction coefficient, hn is the photon energy and EG is the optical 

bandgap of the GO or RGO [16, 17]. Representative Tauc plots of both GO (blue trace) 

and RGO reduced at 400 ºC (red trace) can be seen in Figure 5.2, while Table 5.1 

summarises the optical bandgaps of all films. Table 5.1 shows a change in the optical 

bandgap of the films from 3.2 eV for the GO films to 2.9 eV for the RGO films reduced 

at 150 ºC and 200 ºC. While Kalita et al. [17] and Behura et al. [16] reported larger 

optical bandgaps of 3.6 eV for drop cast GO films, this value can be modified by 

changing the sp2/sp3 ratio of carbon in the GO. As such, different GO production 

methods should introduce a level of variability to these bandgaps due to the varying 

oxidation levels of the GO. The final optical bandgap however, is in line with the 

findings of Kalita et al. [17] who reported partial reduction of GO films in a hydrogen 

atmosphere resulted in a drop in optical bandgap to 2.8 eV. Despite the changes in 

optical bandgap of the 150 ºC and 200 ºC films, there is no apparent change in the 

sheet resistance of the films, with sheet resistances constant at approximately 

2 × 106 Ω·square-1 (Figure 5.1(d)). This lack of change in sheet resistance is not 

unexpected as at low temperatures the predominant mechanism behind changes to the 
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film’s properties is due to desorption of water molecules and other physisorbed species 

present in the film [28, 29]. Furthermore, electron percolation between sp2 regions of 

GO flakes has been shown to occur at 220 ºC [30], which significantly improves the 

conductivity of the flakes. Upon annealing at 300 ºC and 400 ºC, the bandgap further 

drops to 2.8 eV (Table 5.1). There is also a decrease in sheet resistance compared to 

that at lower temperatures of the RGO films to 3.9 ± 0.6 × 103 Ω·square-1 at 300 ºC 

and 4.2 ± 0.2 × 103 Ω·square-1 at 400 ºC. This reduction in sheet resistance was 

observed to be stable over at least a 96 h period (Figure 5.1(d)) and is comparable with 

other reported RGO films of similar transmittance using numerous reduction 

techniques [30]. While this is consistent with the expected effects of the changing 

chemical structure of the now reduced films, there is no appreciable difference in either 

the peak position or intensity ratios seen in the Raman spectra of the GO and RGO 

films, as seen in Figure 5.1(c) and Table 5.1 indicating that although the GO is reduced, 

the defects in the graphene are not fully returned to sp2 hybridised carbon. 

 

Figure 5.1: (a) UV-Vis spectra of GO and RGO films at different annealing temperatures, 

(b) Average UV-Vis transmittance at 550 nm, (c) normalised Raman spectra of GO and RGO 

films (offset for clarity) and (d) sheet resistance of GO and RGO films at different temperatures 

both immediately after annealing and 96 h later. 
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Figure 5.2: Representative Tauc plots for a GO film (blue) and a RGO film annealed at 400 ºC 

(blue). 

Table 5.1: Average optical bandgap of GO and RGO films with standard deviation at 

different annealing temperatures from Tauc plot analysis of UV-Vis spectra and the 

corresponding D:G Raman intensity ratio of the respective spectra. 
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St. Dev. 0.024 0.0075 0.0073 0.047 0.042

D:G Ratio 0.96 1.0 0.95 0.98 0.98
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5.4 Effect of Annealing Temperature on the 

Photovoltaic Properties of RGO-Si Schottky Junctions 

As expected, GO-Si substrates showed no photoresponse when tested under 

illumination (black series of Figure 5.3(a-d)) due to the insulating nature of GO films. 

Figure 5.3(a-d) also shows the photovoltaic properties of solar cells made with films 

annealed at 150 ºC, 200 ºC, 300 ºC and 400 ºC. The plots show several notable points. 

In particular, despite there being a decrease in optical transparency and negligible 

decrease in the sheet resistance of RGO films produced at annealing temperatures of 

150 ºC and 200 ºC, there is a photoresponse present in RGO-Si cells annealed at these 

temperatures (red and blue series respectively of Figure 5.3(a-d)). Furthermore, there 

appears to be a clear positive trend in both JSC, Figure 5.3(a), and thus PCE (Figure 

5.3(d)) of these RGO-Si solar cells as the annealing temperature is increased. 

However, this increase is again not easily explained by changes in the optical 

transparencies or sheet resistances previously discussed. While annealing at 300 ºC 

and 400 ºC did decrease the sheet resistance of the films by three orders of magnitude 

there was not a correspondingly large increase in the JSC of the cells, nor in their FF 

(pink and green series respectively of Figure 5.3(c)). These results are in contrast to 

those of Zhu et al. [19] who found a clear positive trend in JSC and FF with increasing 

annealing temperature. Their study, however, only analysed the photoresponse of cells 

to a 445 nm laser at lower power levels, not AM1.5G solar simulation, as used in this 

study. Also of note is that the VOC (pink and green series of Figure 5.3(b)) of the cells 

annealed at 300 ºC and 400 ºC was significantly reduced compared to the lower 

annealing temperatures, a result also observed by Zhu et al. [19] albeit, at much lower 

voltages of 0.15 - 0.3 V.  

Of most interest is the response of the RGO-Si cells annealed at 300 ºC and 

400 ºC after being stored in ambient conditions for 96 h. Upon retesting, the cells 

annealed at 300 ºC and 400 ºC showed a 240 % and 150 % increase in JSC (Figure 

5.3(a)) and a 190 % and 150 % increase in VOC (Figure 5.3(b)), respectively. These 

increases come despite there being negligible changes in the film sheet resistance or 

transmittance. The increased photovoltaic performance may be a result of either 

interfacial native oxide growth occurring between the RGO film and Si, slight doping 

of the RGO by atmospheric oxygen, or a combination of both. In the absence of 

chemical changes to the GO films seen at 150 ºC and 200 ºC, atmospheric doping 
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cannot sufficiently induce enough change in the films to change the photoresponse and 

hence any interfacial native oxide growth can also not exert any influence on the solar 

cell performance. At 300 ºC and 400 ºC, atmospheric doping is able to induce 

photoresponse changes in the films and this effect can then also be increased with 

interfacial native oxide growth. This effect is also quite stable, with the cells retaining 

their high performance for at least another 96 h (total time 192 h), with representative 

dark and light J-V curves 0 h after annealing and 196 h after annealing seen in Figure 

5.4(a) and the light J-V curves in the power quadrant only seen in Figure 5.4(b). Also 

of note is that the FF of these cells is within experimental error for all annealed cells 

and remains constant over time regardless of the annealing temperature. 

 

Figure 5.3: Summary of photovoltaic properties of GO-Si and RGO-Si solar cells showing 

variation in (a) Jsc, (b) Voc, (c) FF and (d) PCE of pristine and aged GO and RGO cells. 
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Figure 5.4: Representative dark (dashed lines) and light J-V curves (solid lines) of RGO-Si 

solar cells annealed at 400 ºC 0 h after annealing (blue) and 168 h after annealing (red) over 

the range -1 to 1 V, with (b) showing the light J-V curves in the power quadrant only.  
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5.5 Effect of Chemical Doping on Graphene Oxide-

Silicon Schottky Junctions Annealed at Different 

Temperatures 

As previously mentioned in Section 5.1, the effects of chemical doping have 

not been investigated in previous RGO-Si photovoltaic studies. In this chapter, the 

effects of two common chemical dopants, namely, SOCl2 and AuCl3, have been 

investigated, with Figure 5.6 showing the effect of both SOCl2 doping and AuCl3 

doping on the JSC (a & b), VOC (c & d), FF (e & f) and PCE (g & h) of the RGO-Si 

solar cells, with Figure 5.5 showing representative J-V curves for cells annealed at 

400 ºC both pre- and post-SOCl2 and AuCl3 doping. SOCl2 (Figure 5.6(a)) and AuCl3 

(Figure 5.6(b)) doping both have a significant positive effect on the JSC of RGO-Si 

cells annealed at 400 ºC (green series), with AuCl3 also doubling the JSC of the 300 ºC 

cell (pink series). Doping a 400 ºC cell with SOCl2 resulted in an increase in VOC 

(Figure 5.6(c)), while SOCl2 had a negative effect on the cells annealed at lower 

temperatures. In contrast to this, all cells except the 150 ºC cell showed improvements 

in VOC when doped with AuCl3 (Figure 5.6(d)). An increase in VOC is generally caused 

by an increase in the built-in potential of the Schottky junction due to p-doping of the 

RGO films by AuCl3 [31]. SOCl2 has been previously shown to p-dope RGO films 

[32], and as such the increase in VOC of the 400 ºC film is expected. However, SOCl2 

has also been shown to cause oxidation of the underlying Si substrate in CNT-Si solar 

cells [33]. If the native oxide layer between the RGO-Si interface is too thick this could 

result in a decrease in VOC analogous to those observed in CVD G-Si systems as well 

as a reduction in JSC and FF as seen in CVD G-Si systems [34]. Neither dopant resulted 

in significant changes to the FF of cells annealed at any temperature (Figure 5.6(e &f)). 

While it appears that the GO-Si cells did show a marked improvement in FF, it should 

be noted that the JSC and VOC of these cells were so low that the calculation and hence 

any changes to the FF of the J-V curves in effect becomes redundant. Ultimately, the 

trends discussed in the aforementioned JSC, VOC and FF result in an increase in PCE 

after SOCl2 doping of the 400 ºC films (green series of Figure 5.6(g)) and an increase 

in the PCE of the 300 ºC and 400 ºC films after AuCl3 doping (pink and green series 

respectively of Figure 5.6(h)). That the doping is only effective on cells which have 

been annealed at high temperatures further indicates that these films have been 

chemically reduced by the thermal treatment. This in turn allows the dopants to induce 



Chapter 6 |  | RGO-Si Schottky Junctions 

174 |  

effective p-type doping in the RGO films. While both SOCl2 (0.1 % – 0.31 % for a 

400 ºC annealed film) and AuCl3 (0.13 % – 0.33 % for a 300 ºC film and 

0.25 % – 0.81 % for a 400 ºC film) were quite effective at increasing the PCE of the 

highly annealed cells, this improvement was not stable, with the PCE decaying back 

to its pre-doped level after 24 h of storage. This was not observed in AuCl3 doping of 

surfactant-assisted exfoliated G-Si Schottky junctions discussed previously in Chapter 

4, although it is broadly consistent with the instability under ambient conditions that 

has been previously shown in SOCl2 doped CNT-Si cells [33, 35] and CNT:GO-Si 

cells [22]. The lifetime of the doping effect in these systems can be lengthened by 

hermetically sealing the solar cells via polymer coating or encapsulation [33], and as 

such this constitutes a possible area for further research for RGO-Si solar cells. 

 

 

Figure 5.5: Representative J-V curves for both pristine and doped RGO-Si solar cells annealed 

at 400 °C. 
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Figure 5.6: JSC (a & b), VOC (c & d), FF (e & f) and PCE (g & h) of GO- and RGO-Si solar 

cells both pre- (grey shaded area) and post-doping with both SOCl2 and AuCl3 respectively.  
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5.6 Characterisation of the Effect of Film Thickness on 

Graphene Oxide Films 

The effect of film thickness on the performance of the RGO-Si cells was 

investigated once the optimal annealing temperature of 400 ºC was found. The initial 

thickness of the films was controlled by adjusting the volume of the 0.5 mg·mL-1 GO 

suspension filtered per unit area of film from 66 µL·cm-2, used in the temperature 

study, down to the thinnest 4 µL·cm-2 films. AFM was performed on both pristine GO 

films and RGO films annealed at 400 ºC to determine the thickness of the films, seen 

in Figure 5.7(a), while representative AFM images can be seen in Figure 5.8, Figure 

5.9 and Figure 5.10. Films produced using 66 µL·cm-2 approached the upper limit of 

the reliable thickness (66 nm) manufacturable via filtration onto predefined areas, as 

beyond this concentration, the films became less permeable to water flow than the 

underlying template filter papers and the dispersion was filtered through these extra 

areas. Below this concentration, the technique was capable of producing well 

controlled GO film thicknesses as low as 9 nm, as evident in Figure 5.7(a).   

Once annealed at 400 ºC, the thickness of most films was reduced by 

approximately 30 %, due to the removal of water and other adsorbates previously 

intercalated within the films [28, 29], enabling RGO film thicknesses as low as 2.3 nm 

(2-3 layers of RGO) [36]. Again, annealing reduces the UV-Vis transmittance of these 

films at 550 nm (Figure 5.7(b)), with the thinnest 2.3 nm films having a transmittance 

of 85 % (from 97 %) and the thickest 58 nm films having a transmittance of 35 % 

(from 80 %). This decrease in transmittance is concurrent with a decrease in sheet 

resistance (Figure 5.7(c)), as the thickness of the films increases with a decrease from 

1.1 ± 0.6 × 106 Ω·square-1 for the thinnest 2.3 nm films 3.9 ± 0.3 × 103 Ω·square-1 for 

the thickest 58 nm films. It is interesting to note that while the decrease in sheet 

resistance appears linear for the three thinnest films, there is a large decrease in 

resistance post-annealing in the two thicker films (Figure 5.7(c)). This implies that 

between 17 and 29 nm, the electron transport properties of the films are changed 

markedly.  
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Figure 5.7: Plots of (a) AFM measured GO film thickness vs filtered GO suspension per unit 

area, (b) UV-Vis transmittance at 550 nm of GO films and RGO films annealed at 400 °C and 

(c) sheet resistance of GO and RGO films at 400 °C (error bars represent standard deviation 

of sheet resistance). 
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To investigate the physical structure of the GO and RGO films, films of varying 

thickness were deposited onto Si substrates and scratched with a scalpel. Prior to 

annealing, the films were imaged using AFM and the film thickness determined, as 

seen in Figure 5.8. Prior to annealing the imaged areas of these films all appear to be 

continuous, with the thicker films showing characteristic GO wrinkling throughout 

[37]. After this initial investigation with AFM, the films were annealed at 400 ºC and 

then reimaged with AFM, the results of which can be seen in Figure 5.9. It can be seen 

in Figure 5.9(a) that the 4 µm·cm-2 film, which when annealed had a thickness of 

2.2 nm, has incomplete areas where the underlying substrate is clearly visible 

throughout regions of the film, with Figure 5.10(a & b) showing this more clearly. 

These features are consistent with other ultrathin vacuum filtered RGO films 

previously reported [38]. Such features are not present in thicker films, e.g. the 

16 µL·cm-2 film shown in Figure 5.9(b), where the film is much more uniform across 

the covered region and no underlying substrate other than the premade scratch on the 

left hand side of the image is seen throughout. The two thickest films, seen in Figure 

5.9(c & d) are also quite dense and show the typical folded and wrinkled nature of 

RGO films. The formation of complete films is desirable for these RGO-Si solar cells 

as it allows holes (charge carriers) to travel efficiently throughout the RGO film to the 

front electrode contact, decreasing the chance of recombination within the film and the 

need for a hopping transport mechanism. The AFM investigation of the films does not 

however, suggest further obvious reasons for the aforementioned large drop in sheet 

resistance observed between the 17 nm films and 29 nm films, as unlike the graphene 

films in Chapter 4 Section 4.3, there are no clear morphological differences between 

these films. 
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Figure 5.8: AFM height images and histograms of a (a) 4 μL·cm-2 film, (b) 8ºμL·cm-2 film (c) 

16 μL·cm-2 film, (d) 33 μL·cm-2 film and (e) 66 μL·cm-2 GO films. The flat area on the left of 

each image is the bare substrate exposed by the scratch. 
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Figure 5.9: AFM height images and histograms of a (a) 4 µL·cm-2 film, (b) 8 µL·cm-2 film (c) 

16 µL·cm-2 film, (d) 33 µL·cm-2 film and (e) 66 µL·cm-2 RGO film annealed at 400 ºC.  The 

flat area on the left of each image is the bare substrate exposed by the scratch. 
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Figure 5.10: AFM image of 4 μL·cm-2 film annealed at 400 ºC, with dashed lines added to 

image to show (a) bare silicon substrate area obtained using a scalpel and (b) areas of coating 

in RGO film which do not cover the substrate. 
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5.7 Effect of Film Thickness on Photovoltaic 

Performance 

The effect of RGO film thickness on the photovoltaic performance of these 

RGO-Si cells was also investigated, with the evolution of cell performance over time 

shown in Figure 5.11(a-d). Figure 5.11(a) shows the JSC evolution of the cells over a 

72 h period, with the cells stored in ambient conditions between testing times. It is 

apparent that all film thicknesses except the thinnest 2.3 nm film (black series) undergo 

the same increase in JSC performance observed during the temperature dependence 

study. Further, this data shows that the improvement actually occurs within the first 

day, before plateauing in the case of the 58 nm (again, as seen in the temperature study) 

and 29 nm cells (green and pink series respectively). Interestingly, cells produced with 

thinner RGO films of 7.5 nm and 17 nm exhibit a decrease in JSC after the initial 

increase, while the thinnest 2.3 nm film only decreases in JSC over the 72 h period.  

In contrast to these patterns, the VOC of the cells over the same period of time 

is consistent across thicknesses (Figure 5.11(b)). The 2.2 nm thick cells (black series) 

have a slight VOC increase of 8 % over the 72 h period, while all other cells show 

increases of between 34 – 53 % after 24 h, which then remained constant over the 

testing period. As discussed in Chapter 4, increases in VOC observed over time in G-

Si solar cells are due to the growth, or regrowth, of the native oxide layer at the G-Si 

interface [34]. This same effect is at play at the RGO-Si interface in these cells, with 

the gradual regrowth of the native oxide layer occurring over time. As such, the fact 

that the 2.2 nm film cells show very little change in their VOC is to be expected, as the 

previously discussed incomplete nature of the films with many areas of exposed Si 

would allow oxygen much easier access to the RGO-Si junction and hence result in a 

fast oxide growth. The thicker films, however, are much less permeable to oxygen 

diffusion, and as such the growth of the oxide layer is much slower and the 

improvement in VOC is not seen as quickly. 

In general, the FF of the cells, seen in Figure 5.11(c) does not change 

significantly between thicknesses, or over time, and it can be seen in Figure 5.11(d) 

that the PCE of the cells is therefore controlled mainly by the trend observed in the JSC 

(especially in the case of the 2.3 nm films) and VOC measurements. Although there are 

decreases in JSC for the 7.5 nm and 17 nm cells over time, the subsequent increases in 

VOC of the four thickest cells is enough to offset these, resulting in net increases in 
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PCE for all but the 2.2 nm cells. Figure 5.12 shows that while the 7.5 nm cells initially 

have the best performance of the cells, after 72 h, all of the cells from 7.5 nm to 58 nm 

have the same performance, within experimental error, despite these films allowing 

various amounts of light through to the RGO-Si junction (Figure 5.7(b)). However, 

cells made with the three thickest films do improve their overall performance after 

72 h (red series compared with the black series of Figure 5.12) showing the usefulness 

of such aging procedures. The best performed cells were thus found to be those made 

with 58 nm films, having a PCE of 0.21 ± 0.04 %. 

 

Figure 5.11: Photovoltaic properties of RGO-Si cells of different film thicknesses annealed at 

400 ºC from pristine, 0 h, to 72 h aged (a) JSC, (b) VOC, (c) FF and (d) PCE (lines added to 

guide the eye). 
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Figure 5.12: PCE of RGO-Si solar cells made with RGO films of varying thicknesses tested 

in pristine condition after having cooled from annealing (black series) and after having been 

aged 72 h (red series) (lines added to guide the eye). 
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5.8 Effect of Chemical Doping on Photovoltaic 

Performance of Different Film Thicknesses 

The effect of chemical doping on the photovoltaic performance of RGO-Si 

solar cells made with varying film thicknesses was again investigated using SOCl2 and 

AuCl3. Figure 5.13(a) shows representative dark and light J-V curves for both SOCl2 

and AuCl3 doping with Figure 5.13(b) showing the light J-V curves in the power 

quadrant only. Figure 5.14 shows the effect of doping on the JSC (a & b), VOC (c & d), 

FF (e & f) and PCE (g & h) for SOCl2 and AuCl3 respectively. Both SOCl2 (Figure 

5.14(a)) and AuCl3 (Figure 5.14(b)) have a positive initial impact on the JSC on cells 

of all thicknesses, showing that the sheet resistance of the RGO films of the cells is 

reduced upon chemical doping. However, in the case of both dopants, this increase is 

short lived, with decreases seen for all cells after 24 h of ambient storage which 

continue over a period of 168 h, at which time the JSC is lower than its pre-doped level.  

Both SOCl2 and AuCl3 had mixed initial effects on the VOC of the RGO-Si 

cells, but it can be seen in Figure 5.14(c & d) that exposure to both dopants again 

resulted in the VOC dropping to pre-doped levels after 168 h of storage, except for the 

2.3 nm RGO-Si cell exposed to SOCl2 (black series of Figure 5.14(c)).  

While exposure to SOCl2 generally resulted in little overall change to the FF 

of the RGO-Si solar cells over a period of 168 h (Figure 5.14(e)), AuCl3 had a 

beneficial effect on all cells except for that of the thickest 58 nm film (green series of 

Figure 5.14(f)). Ultimately however, in the case of both dopants, the overall PCE of 

the cells after doping was determined mainly by the JSC response, as can be seen in 

Figure 5.14(g & h). Doping with SOCl2 results in at least a 47 % relative improvement 

in cell PCE and up to a maximum of 138 % relative improvement in the 7.5 nm film 

case. While AuCl3 doping has minimal effect on the thinnest cell PCE, all other 

thicknesses show an improvement of at least 24 %, up to a maximum of 224 %, seen 

in this case in the thickest 56 nm cell. It is interesting to note that in the surfactant-

assisted exfoliated G-Si Schottky junction cells presented in Chapter 4, AuCl3 doping 

results in a stable increase in cell performance, while in this case the RGO-Si cell 

performance decreases to values below pre-doping levels. This is again consistent with 

CNT-Si and GO/CNT-Si cells, where it has been shown that introducing anti-reflective 

polymer coatings can reduce this instability [33]. 
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Figure 5.13: (a) Representative dark (dashed lines) and light (solid lines) J-V curves for both 

pre- and post- doped RGO-Si cells made with 7.5 nm (SOCl2) and 56 nm (AuCl3) films, and 

(b) the representative light J-V curves in the power quadrant only. 
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Figure 5.14: (a & b) JSC, (c & d) VOC, (e & f) FF and (g & h) PCE of RGO-Si cells of different 

film thicknesses annealed at 400 ºC both pre-doping (grey shaded areas) and post-doping with 

SOCl2 and AuCl3 with respectively (lines added to guide the eye).  
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The results presented here show that there still remains a number of important 

factors that must be considered when designing RGO-Si solar cells, but that they 

present a viable direction for further work. Annealing RGO-Si cells at 400 ºC produces 

the best JSC and VOC response to AM1.5G solar simulation conditions, but critically, 

only once a cell has been allowed to age. Once a proper aging condition has been 

satisfied, the thickness of the RGO layer can be further optimised. This is an important 

consideration, as this chapter shows that for raw solar cell PCE performance thicker 

films in fact perform better than thin film cells. Alternatively, thin films produced 

larger VOC, which may be desirable in other fields such as photodetectors and gas 

sensing.  

Furthermore, doping of these RGO-Si solar cells with common dopants has 

seen increases in PCE to yield PCE maxima of up to 0.4 % for SOCl2 and 0.8 % for 

AuCl3. This level of PCE performance is larger than previously reported undoped 

RGO-Si solar cells of 0.31 % [19], and is also close to the values reported for 

chemically doped surfactant-assisted exfoliated graphene-Si solar cells (maximum of 

0.9%) described in Chapter 4. While these PCEs are low in the context of other 

architectures such as CVD graphene-Si solar cells or hybrid GO-Si heterojunctions, 

such as PEDOT:PSS:GO-GO-Si solar cells, there are a number of advantageous 

features that are promising for future work in the field. This chapter also only 

investigated the thermal reduction of GO, leaving open the potential for investigation 

of chemically reduced GO-Si cells, combining both thermal and chemical reduction 

techniques, and investigating plasma reduced GO. Further investigation can also 

explore other chemical dopants, such as nitric acid, and further optimisation of the 

doping methods themselves, along with combining these doping methods with 

encapsulation methods to seek to improve the longevity of the cells. 
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5.9 Performance Variability Between Batches 

The previous sections of this chapter have shown that aqueous GO dispersions 

can be successfully used to create thin, scalable RGO films for use in RGO-Si solar 

cells with acceptable reproducibility between films and cells. However, one common 

problem faced when working with any nanoscale carbons with variable chemical and 

physical structure, such as carbon nanotubes, graphene flakes and graphene oxide, is 

the reproducibility between different batches of nominally the same material. 

Differences in production methods and starting materials can cause vast changes to the 

final composition of the material, and indeed, even seemingly small differences in 

methods, such as changing the type of filter used to filter GO films from aluminium 

oxide to Teflon, can result in a film which is either water stable or readily disintegrable 

[39]. This variability between different batches of GO was noticed when comparing 

preliminary research carried out on these RGO-Si solar cell systems. As such, the 

experiments detailed in Sections 5.3-5.8 were all conducted using the same batch of 

GO.  

To investigate the effect that using different GO samples would have on the 

performance of the cells, three individually sourced bottles of nominally the same 

graphene ethanol dispersion detailed in Section 5.2.1 were used to prepare three 

different batches of aqueous graphene dispersions. The intent was to then characterise 

the physical properties of GO and RGO films of the same thickness made from these 

individual batches of GO as well as the performance of RGO-Si solar cells made using 

these films. To prepare the aqueous dispersions, a volumetric pipette was used to 

pipette 2 mL of each dispersion into pre-weighed bottles.  

Table 5.2 shows that despite all three bottles being nominally 5 mg·mL-1, there 

was a range of 3.9 mg in the amount of GO between the three batches. In order to have 

a sufficient volume of aqueous dispersion, 10 mL of MilliQ water was used to make 

the three batches of aqueous GO dispersions, resulting in the concentrations seen in 

Table 5.2. 
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Table 5.2: Mass of GO left after evaporation of ethanol for each batch of GO and the resultant 

concentration of the aqueous GO dispersions. 

 

 

The thickness of the films made from the aqueous dispersions can be controlled 

by varying the amount of dispersion filtered per unit area of the desired films, as 

discussed in Chapter 2 Section 2.1.1. However, the mass of GO being filtered will 

affect this value when the concentration of each batch is different. As such, the mass 

of the best performed films from Section 5.7 (58 nm thick) was calculated, and this 

value of 0.118 mg was set as a target mass for the films to be made from the three GO 

batches. Using this target mass and the concentrations for each batch of graphene, the 

initial amount of dispersion to filter for each batch was calculated, as seen in Table 

5.3. However, upon filtering this target volume for each batch, visual examination of 

the filter papers revealed that the desired thickness of films had not been achieved. As 

such, subsequent aliquots of each batch were repeatedly filtered in an attempt to 

produce the desired thicknesses. While Batch 2 quickly appeared to reach the desired 

thickness, considerably more dispersion was required for Batch 1 and 3, despite Batch 

3 having the highest concentration of the three dispersions. 

 

 

 

 

 

 

 

 

Batch Mass Concentration

(mg) (mg·mL-1)

1 3.8 0.38

2 5.9 0.59

3 7.7 0.77
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Table 5.3: Target volume needed for filtering, actual volume filtered and actual mass filtered 

for each batch of graphene. 

 

The resultant films for each batch were then deposited onto glass substrates 

following the procedure set out in Chapter 2 Section 2.1.1 and their UV-Vis 

transmittance at 550 nm and sheet resistance were investigated, as per Chapter 2 

Section 2.1.5. Figure 5.15(a) shows the UV-Vis transmittance of the films, both 

pristine and after annealing at the optimal 400 ºC. Of note is that the mass of the film 

does not correlate with the optical thickness of the film, as would be expected (black 

series of Figure 5.15(a)). Indeed, the film with the largest mass of GO filtered, Batch 

3, has the highest optical transmittance of all three batches. Upon annealing at 400 ºC 

the films undergo the expected decrease in transmittance (red series of Figure 5.15(a)). 

Comparison of the pristine and annealed transmittances with the target films 

transmittances discussed in Section 5.6, seen in Table 5.4, shows that Batch 1 and 2 

have lower optical transmittances when pristine and annealed than the target film 

(58 nm), with Batch 3 having a slightly higher transmittance in both cases.  

Figure 5.15(b) shows the sheet resistance of the films from all three batches 

both pristine (black series) and post-annealing (red series). Despite the differences in 

their optical transmittances, the sheet resistance of the films are within experimental 

error of each other, both in their pristine and post-annealed state. Comparison of these 

values with the target film’s sheet resistance, also seen in Table 5.4, shows that despite 

the clear differences in mass and optical transmittance, the films all have the same 

sheet resistance, within experimental error, as the target film (58 nm). 

Batch Target Volume Actual Volume Actual Mass
(µL) (µL) (mg)

1 303 3624 1.38

2 195 975 0.58

3 149 4768 3.67
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Figure 5.15: (a) UV-Vis transmittance of pristine GO and 400 ºC annealed RGO films made 

from three different batches of GO and (b) their corresponding sheet resistances. 

Table 5.4: Table showing comparison of UV-Vis transmittance at 550 nm and sheet resistance 

of films made using three different batches of GO and the target film's properties. 
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the same aging behaviour observed in Sections 5.4 & 5.7, with Batch 2 (red series of 

Figure 5.16(b) and Figure 5.17) displaying similar, but less significant, behaviour with 

the performance of Batch 3 being so close to zero that any aging effect cannot be 

observed. This same behaviour is observed for both the VOC (Figure 5.17(b)) and FF 

(Figure 5.17(c)) of the cells made from Batch 1 and 2, although for both of these 

properties the experimental error prohibits cross batch comparison. Figure 5.17(d) 

shows that when the overall PCE is considered, there is a clear difference between 

cells made with different batches, which follows the main trend observed in the JSC of 

the cells. 

 

Figure 5.16: (a) Representative dark (dashed lines) and light (solid lines) J-V curves of RGO-

Si solar cells made with films using three different batches of GO, aged to 72 h and (b) the 

representative light J-V curves in the power quadrant only. 
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Figure 5.17: Summary of the photovoltaic properties of RGO-Si solar cells made with films 

using three different batches of GO showing the variation in (a) Jsc, (b) Voc, (c) FF and (d) 

PCE over time. 

Comparison of the photovoltaic properties of the RGO-Si solar cells made with 
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different batches. Indeed, RGO-Si solar cells made with GO from Batch 1 actually 
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highest previously reported PCE of 0.31 % for undoped RGO-Si solar cells [19]. 
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Table 5.5: Comparison of RGO-Si solar cell photovoltaic properties after 72 h made from 

films of different GO batches along with the target cell's properties after 72 h. 

 

 

Lastly, the response of the RGO-Si solar cells made with films from different 

batches of GO to chemical doping was investigated, with Figure 5.19 showing the 

photovoltaic properties of the cells both pre- and post-doping with both SOCl2, Figure 

5.19(a, c, e & g) and AuCl3, Figure 5.19(b, d, f & h). Representative J-V curves of 

these cells both pre-and immediately post-doping with SOCl2 and AuCl3 can be seen 

in Figure 5.18(a & b) respectively. Comparing the trends observed throughout Figure 

5.19 for the Batch 1 and Batch 2 cell, with those seen in Figure 5.14, the effects of 

both SOCl2 and AuCl3 are broadly consistent, showing an initial improvement in PCE 

followed by eventual degradation. This is especially evident when observing the 

overall trend represented by the PCE of the cells after SOCl2 (Figure 5.18(g)) and 

AuCl3 (Figure 5.18(h)) doping. Also of interest is that despite initially having poor 

photovoltaic performance, when cells made with Batch 3 films were exposed to SOCl2 

and AuCl3 their already poor VOC and FF were reduced further. This again highlights 

the poor applicability of that particular batch of GO to photovoltaic applications. 

These results suggest that although the RGO-Si solar cells discussed within 

this chapter can be optimised through control of the RGO film thickness, annealing 

temperatures and chemical doping, their future applicability may be limited if work is 

not also done to control the variability introduced when using GO from different 

sources. 

Property Batch 1 Batch 2 Batch 3 Target

JSC (mA·cm-2) 4.0 ± 0.21 1.3 ± 0.35 0.021 ± 0.0020 3.2 ± 0.62

VO C (V) 0.40 ± 0.027 0.34 ± 0.088 0.17 ± 0.042 0.37 ± 0.068

FF 0.20 ± 0.0082 0.20 ± 0.047 0.25 ± 0.00 0.19 ± 0.037

PCE (%) 0.32 ± 0.021 0.08 ± 0.014 (8.7 ± 2.7) × 10-4 0.22 ± 0.041
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Figure 5.18: Representative J-V curves of RGO-Si solar cells made with films using three 

different batches of GO, both pre- and post-doping with (a) SOCl2 and (b) AuCl3. 
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Figure 5.19: (a & b) JSC, (c & d) VOC, (e & f) FF and (g & h) PCE of RGO-Si cells made with 

three different batches of GO both pre-doping (grey shaded areas) and post-doping with SOCl2 

and AuCl3 with respectively (lines added to guide the eye).  
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5.10 Conclusions 

Scalable vacuum filtration methods were used to produce RGO-Si solar cells. 

Thermal reduction under a forming gas atmosphere at 400 ºC, with an optimal 

annealed film thickness of 56 nm were found to be the optimal conditions for RGO-Si 

solar cell performance. These cells were found to improve upon their initial 

performance after ambient storage and remain stable over time. Chemical doping with 

SOCl2 was able to improve solar cell PCE from between 45 and 135 %, with AuCl3 

doping improving PCE from between 20 and 220 %. Maximum doped efficiencies 

reached as high as 0.8 %, close to three times higher than previously reported for 

undoped RGO-Si cells, and hence these cells show potential for further development. 

However, significant variability was found when comparing RGO-Si cells 

made using different batches of GO from different sources. While the photovoltaic 

properties were found to be consistent within each set of cells, cross batch 

reproducibility was shown to be a significant issue. 

Hence future work, while potentially focusing on the production and 

alternative reduction methods of GO, should also include investigations that aim to 

reduce variability in the RGO films and resultant RGO-Si solar cells made with them. 
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6.1 Conclusions 

The application of solution processed nanocarbon-based materials in a number 

of photovoltaic systems was investigated and the performance of these systems 

optimised. This included the sensitisation of vertically aligned arrays of SWNTs as a 

replacement working electrode in a DSC design, the use of surfactant-assisted 

exfoliated graphene in G-Si Schottky junction solar cells and the use of RGO in RGO-

Si solar cells. 

Vertically aligned arrays of photoactive SWNTs were chemically attached to 

FTO substrates. These arrays were then sensitised by the addition of a spin coated layer 

of TIPS-DBC, creating a new working electrode for use in DSC-like 

photoelectrochemical cells. The addition of TIPS-DBC to the working electrode 

resulted in significant enhancements to both the JSC and VOC of the solar cells, due to 

the photoresponse of TIPS-DBC. It was found that the JSC and VOC of the subsequent 

cells, and thus PCE, could be tuned by controlling the concentration of TIPS-DBC 

solution used to deposit the TIPS-DBC layer, as well as controlling the spin speed used 

during the deposition. The optimal working electrode was found to occur when a 

30 mg·mL-1 TIPS-DBC solution was deposited at a spin speed of 2000 rpm. Using 

these optimised conditions, the maximum JSC was found to be (68 ± 3) µA·cm-2, four 

times higher than the previous maximum achieved by similar SWNT working 

electrode cells (16.4 µA·cm-2 from Bissett et al. [1])  and the maximum VOC was found 

to be (98 ± 2) mV, two times higher than the previous maximum (47 mV from Tune 

et al. [2]). Despite the low maximum PCE (~0.002%) achieved in this work, the 

improvements here represented the best improvements seen in these cell designs, with 

a thirty fold increase in PCE when compared to untreated SWNT electrodes.  

   The exfoliation of graphite in aqueous dispersions of Tween-60 was 

investigated and found to produce FLG. These dispersions could be vacuum filtered 

to make conductive films with highly reproducible transparencies and sheet 

resistances. These films were found to form in two different regimes, a thin regime, 

consisting of non-continuous flake coverage and exposed substrate and a thick regime, 

consisting of continuous films with thicknesses on the order of hundreds of 

nanometres. G-Si Schottky junction solar cells were made with these solution 

processed films for the first time and were found to be highly durable, sustaining 

repeated testing over a period of 966 h, while also being quite responsive to the growth 
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of an oxide layer at the G-Si interface. G-Si Schottky junction solar cells made with 

films of differing thicknesses revealed that there was both a thin film regime maximum 

PCE (0.05 % at 60 %T) and a thick film regime maximum PCE (0.06 % at 23 %T). 

Thermal annealing of solar cells made with these 23 %T graphene films doubled cell 

PCE (0.13 %). Solar cells made with either pristine or annealed thick films responded 

well to chemical doping with both HNO3 and AuCl3 doping significantly improving 

cell JSC and hence PCE. Pristine cells achieved maximum PCEs of up to 0.5 % with 

HNO3 doping and 0.4 % with gold chloride doping, with AuCl3 doping found to be 

surprisingly stable over a 96 h period. A maximum PCE of 0.9 % was achieved by 

HNO3 doping an annealed 23 %T cell, while AuCl3 doping of annealed 23 %T cells 

appeared to be less effective than with pristine cells, achieving a maximum 0.3 %, with 

this effect less stable than the pristine cells. 

Aqueous dispersions of GO were prepared and used to form thin GO films via 

vacuum filtration. These films were then deposited onto silicon substrates and 

annealed at a range of temperatures under forming gas, from 150 ºC to 400 ºC to form 

RGO-Si Schottky junction solar cells. Increasing annealing temperatures initially 

resulted in increased JSCs but decreased VOCs. However, a novel effect was seen after 

aging of the cells annealed at temperatures of 300 ºC and 400 ºC, with these cells 

subsequently showing a significant improvement in both JSC and VOC and thus PCE. 

In contrast to G-Si Schottky junction solar cells, 400 ºC annealed RGO-Si cells 

responded positively to SOCl2 doping, seeing improvements in both JSC and VOC, 

while also seeing similar improvements upon AuCl3 doping. In contrast to the G-Si 

system however, both of these effects were short lived, with cells returning to 

performance levels similar to their initial testing 24 h after doping. After investigation 

of annealing temperature, the effect RGO film thickness was investigated, with two 

distinct thickness regimes again observed. The performance of all but the thinnest 

films measured were within error of each other, while the four thicker films all 

displayed the same improvement in PCE seen previously with the initial 400 ºC 

annealed films. The performance of cells of all thicknesses was improved after 

chemical doping with SOCl2 and AuCl3, driven mainly by increases in cell JSC. A 

maximum PCE of 0.4 % was observed with SOCl2 doping, with 0.8 % for AuCl3. 

Although these were of similar performance levels to the G-Si Schottky junction solar 

cells, and considerably larger than previously reported un-doped RGO-Si solar cells 
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(0.31 % by Zhu et al. [3]) they were again short lived, with cells returning to their pre-

doped levels within 24 h and reaching even lower levels after 168 h.  
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6.2 Future Directions 

The research presented in this Thesis presents numerous avenues for future 

research. 

Although the optimisation of TIPS-DBC/SWNT/FTO electrodes presented in 

this Thesis was impressive when compared to previous attempts, the PCE of these 

cells, at just 0.002 %, still remains much too low to present viable commercial 

prospects. This low PCE is due to a number of issues, including the amount of SWNTs 

present on the electrode, and the large number of electron-hole recombination and 

shorting events this presents. It may be tempting to think that other solution processing 

deposition methods, such as vacuum film filtration and electrophoretic deposition, or 

direct CVD growth of CNTs would help to reduce these issues. However, as mentioned 

in Chapter 1 Section 1.6.5, previous work by with electrophoretically deposited 

SWNTs also show very low conversion efficiencies [4], as do their porphyrin 

sensitised counterparts [5]. Likewise, Bissett et al. [1] have shown chemically attached 

SWNT arrays outperform CVD SWNT arrays, and indeed CVD growth of CNTs 

requires temperatures too high for TCO substrates as well as flexible substrates.    

While these TIPS-DBC/SWNT/FTO electrodes could potentially find use as 

cheap photodetectors, especially for detection in the 450 – 550 nm range, the real 

potential for SWNTs, and CNTs in general, within DSC systems appears to be either 

as an additive for the mesoporous TiO2 layer, as a catalytic layer in the CE [6, 7] or as 

a TCO replacement in either electrode [8, 9]. Indeed, CNTs as an additive in the 

mesoporous TiO2 layer have already seen PCEs of 10 % achieved [10, 11]. These 

achievements however were all reported in the early parts of this decade, and PCE 

enhancements in this area appear to have stalled in recent years. This mimics PCE 

enhancement in the DSC field itself, with the last independently verified record PCE 

of 11.9 % also achieved in 2012 [12] and an unverified record PCE of 14.3 % achieved 

in 2015 [13].  

This lack of progress may well be due to the scientific community’s new found 

interest in perovskite solar cells, a solid-state descendent of the DSC [14, 15]. These 

cells use a perovskite material as a replacement for the conventional dyes used in DSCs 

and separated holes are transported to the CE via hole transport layers, rather than 

liquid electrolytes. This design would allow for the use of CNTs in the hole transport 

layer and counter electrode, and again as potential candidates for systems that help to 



Chapter 6 |  | Conclusions 

208 |  

replace the TCO layer of the working electrode [16]. In all of these instances, the 

ability to use solution-processed CNTs, or indeed nanocarbon-based materials in 

general, would help to improve the energy efficiency of these systems, as well as 

improving new avenues for fabrication, such as their production on flexible substrates 

[17].  

With a maximum PCE of 0.9 % achieved after HNO3 doping, and a stabilised 

PCE of 0.4 % after AuCl3 doping, the solution processed G-Si Schottky junction solar 

cells presented in this Thesis show good promise. The initial report of a CVD G-Si 

Schottky junction produced a PCE of 1.65 % [18], albeit with pristine conditioning. 

Since 2010, the maximum PCE of CVD G-Si cells has risen due to improvements in 

design such as native oxide growth and anti-reflection layers, as well chemical doping, 

with a maximum PCE of 15.6 % recorded in 2015 [19]. While solution processed G-

Si Schottky junction solar cells may not reach PCE levels this high, the potential scope 

of their improvement is easy to see. 

 No attempts were made within this research to optimise the nature of the 

graphene dispersions obtained using Tween-60. Indeed, it is highly likely that the 

quality of the graphene dispersion could be improved with regards to flake size and 

thickness, and this could potentially lead to improvements in film conductivity and 

hence photocurrent collection. Photocurrent collection would be further improved in 

this scenario as films made with graphene flakes with few layers will also be more 

transparent, allowing more photons to the G-Si interface and hence the creation of 

more photogenerated excitons. Reducing the number of layers in the graphene flakes 

could also allow for more uniform and stronger doping to occur throughout the 

individual flakes and the film itself, allowing for stronger n-Si band bending and 

subsequently, potential improvements in VOC of the cells, leading to improved 

separation of photogenerated excitons. For example, DGU has been shown to separate 

sodium cholate surfactant-exfoliated graphene into fractions containing graphene 

flakes one to three layers thick [20]. This process could allow for a systematic 

investigation of flake thickness versus photovoltaic performance in solution-processed 

G-Si Schottky junctions. However, it has been shown by Lotya et al. [21] that 

increasing the spin speed of centrifugation reduces the length of sodium cholate 

surfactant-assisted exfoliated graphene flakes. Alternatively, increasing the 

ultrasonication time used when creating the graphene dispersion with a low powered 

ultrasonicator can effectively reduce flake thickness while maintaining larger flake 
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lengths [21]. The Tween-60 surfactant-assisted exfoliated graphene used within this 

Thesis was ultrasonicated for 2 h and thus extending the ultrasonication time in line 

with Lotya et al. [21] (approximately 200 h) could allow for thinner flakes while 

maintaining the larger flake sizes necessary to reduce the total number of flake-flake 

interactions charge carriers experience while travelling through thin films.  

 Furthermore, the addition of an anti-reflection layer is another obvious route 

for improving the performance of these cells. While deposition of colloidal TiO2 

systems has been popular in the CVD G-Si community [19, 22], polymeric anti-

reflection layers seen in CNT-Si heterojunction solar cells would present another good 

option [23]. Another potential improvement could come in the form of either hole-

transporting anti-reflection layers or carrier doping antireflection layers, as seen in the 

application of molybdenum oxide layers in CNT-Si heterojunctions [24]. This would 

be particularly useful in the case of solution processed G-Si Schottky junction solar 

cells, as if holes were injected into a hole-transporting layer, they would be transported 

much more efficiently to the front electrode than if they were still forced to percolate 

through individual graphene flakes throughout the film. Another less common 

technique that has been applied in CVD G-Si systems is the “self-healing” of cracks 

in CVD graphene with gold nanoparticles [25] before subsequent cell completion and 

chemical doping. Here the gold nanoparticles effectively fill in the cracks present in 

the graphene, enhancing its conductivity. This process may also work in solution 

processed graphene films, due to the large number of “cracks” available at flake-flake 

interfaces. 

 Finally, the presence of a thin insulating oxide layer at the G-Si interface was 

shown here to be beneficial for cell performance in solution processed G-Si Schottky 

junction solar cells. This layer helps in a similar fashion to MIS cells. With this in 

mind, the introduction of very thin insulators may also help further improve cell 

performance. This could possibly be achieved by the addition of a very thin layer of 

GO, shown to be quite possible in Chapter 5, to the bare n-Si interface before 

application of the graphene film. This has previously been shown to be an effective 

method in RGO-Si solar cell systems [26]. One caveat to the application of this GO 

layer however, would be that cell annealing may interfere with the performance of the 

cell by reducing the GO. The G-Si cells in this work were annealed at 250 °C, the limit 

at which GO reduction will start to take place. As such, there would need to be careful 

investigation as to the effect that this annealing would have on cell performance, if the 
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GO layer was indeed beneficial. Alternatively, this method may work better with cells 

produced from graphene dispersions with lower amounts of, or no, surfactant, or with 

films treated with acidic rinsing to help reduce surfactant content prior to their 

application to the cell.  

Although short-lived, the maximum PCE of 0.8 % achieved via chemical 

doping of RGO-Si solar cells, when compared with previous “pristine” values of 0.3 % 

again shows there is good scope for their future development. One of the main areas 

for improvement is the reduction method used to produce the RGO, with thermal 

annealing at the low temperatures used within this Thesis known to not be the most 

beneficial in terms of subsequent RGO film properties. Now that these systems have 

been shown to be viable with this technique however, more reduction techniques can 

be employed, including for example chemical reduction such as that achieved via 

hydrazine treatment, further heat treatment after chemical reduction or plasma assisted 

reduction [27]. It would also be of interest to investigate more “green” reduction 

methods [28], such as the vitamin C approach mentioned in Chapter 1 Section 1.4.4, 

as hydrazine for example is not an environmentally friendly chemical treatment and 

reducing the need for elevated temperatures in the range of 400 °C would further help 

the energy efficiency of the production techniques used. 

Owing to their shared architecture with G-Si Schottky junction solar cells, 

RGO-Si solar cells would also potentially greatly benefit from the application of anti-

reflection layers and or hole transporting layers to help increase photocurrent 

generation and collection. 

Even though the solution processed carbon deposition methods used 

throughout this Thesis have a low energy cost, the design of the solar cells themselves 

still contain a number of issues. The DSC-like SWNT cells from Chapter 3, use FTO 

coated electrodes, with many DSC and perovskite designs using ITO electrodes as 

well. FTO and ITO layer performances both suffer when deposited on flexible 

substrates, and ITO contains the rare element indium, the availability and pricing of 

which is becoming a concern for a number of industries [29]. The G-Si and RGO-Si 

solar cells made in Chapter 4 and Chapter 5 respectively use silicon substrates and 

gold front electrodes. The production of n-doped silicon substrates is itself an 

energetically expensive process and the use of expensive rare elements like gold for 

front electrodes will not help uptake and mass production of these types of cells. 
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One of the best ways to overcome these problems would be the development 

of all-carbon solar cells, based solely on solution processed materials. Some work 

already exists in this area with CNT-C60 heterojunction solar cells, for example, 

showing promising performances [30-32] and Tune and Shapter [33] demonstrating 

the potential of photovoltaic cells in which SWNTs are the only photoactive material. 

Ultimately, these cells would be produced using solution processed nanocarbon-based 

materials as the photoactive material, sandwiched between two electrodes also 

produced using less expensive materials. These could include nanocarbon-based 

material films for contact electrodes, and transparent conducting nanocarbon-based 

material films deposited onto flexible substrates, examples of which already exist 

within the literature [34]. While it is possible that these types of cell designs may not 

rival the top efficiencies produced by traditional silicon based cells, or new up and 

coming designs like perovskite solar cells, their cheap production and flexibility, and 

hence wearable nature, could allow for a paradigm shift to personal portable power 

production, reducing people’s reliance on the grid during their daily activities. 

This Thesis does however present one roadblock in the eventual success of the 

all-carbon cell described in the previous paragraph, viz. the issues of nanocarbon-

based material batch to batch reproducibility discussed in Chapter 5 Section 5.9. While 

the performance of cells made with the same nanocarbon-based material solution can 

show good reproducibility, the reproducibility between cells made with different 

batches of nanocarbon-based material solution can vary substantially. This issue is not 

unique to GO dispersions, with the same issues faced when making new graphene or 

CNT dispersions as well. This is a major problem facing any solution processing 

approach when attempting to scale it up to industrial scale production. As such, efforts 

should be made by the scientific community to investigate, and report, the 

reproducibility of their results both within batches of cells made at the same time, and 

at other times with other materials that are nominally the same. This would ideally 

happen in conjunction with investigations looking at the ability to consistently 

reproduce dispersions of nanocarbon-based materials. 

While this will require a lot of further work and investigation, it appears that 

there is still much progress to be made from photovoltaic systems produced with 

solution processed nanocarbon-based materials and that this work is indeed warranted. 
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