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Application of carbon nanomaterials like fullerene, carbon nanotubes, and graphene 

in solar cells using solution processable methods presents a great potential to reduce 

the cost of producing electricity from solar energy. However, carbon nanotubes and 

graphene materials are predominantly metallic and this limits their function in organic 

photovoltaic devices (OPVs) where semiconducting behavior is required. Doping of 

carbon nanomaterials is a well known method for making them semiconducting. 

Doping of carbon nanomaterials with nitrogen and boron can tune their properties to 

suit the requirements for use in photovoltaic applications as n-type and p-type 

semiconducting materials, respectively. Indeed, the use of nitrogen doped and boron 

doped carbon nanotubes in organic solar cells together with fullerene acceptors can 

improve the current density of the OPV devices.  

 

Nitrogen doping of carbon nanotubes can be achieved by using nitrogen-containing 

precursor materials during chemical vapor deposition. However the doping of carbon 

nanotubes with nitrogen does not automatically make them n-type materials; they 

remain metallic unless a large amount of quaternary type nitrogen is incorporated in 

the carbon nanotubes. In this work we have developed a method to control the type of 

nitrogen that is incorporated in CNTs by using an appropriate synthesis temperature 

and use of oxygen-containing carbon precursors during the chemical deposition of 

carbon nanotubes. Quaternary N was incorporated in a CVD process when high 

temperatures and a high concentration of O in the precursor materials were used. We 

also showed that the type and amount of N can be changed from pyrrolic and 

pyridinic-N-oxide to pyridinic N and quaternary N by annealing N doped carbon 

nanotubes at temperatures above 400°C. At temperatures above 800°C most of the 

nitrogen is converted to quaternary nitrogen.  

 

N-CNT thin films were used in OPVs so as to modify the ITO electrode and 

transform it into a 3D electrode. The resulting effect was an improved short circuit 

current density in the devices containing an N-CNT thin film that was placed on top 
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of the ITO electrode. A reduction in efficiency losses in OPVs at increasing light 

intensity was observed in the N-CNT ITO modified electrode OPVs. This is a 

remarkable finding when considering that one of the main problems hindering 

commercialization of OPVs is the loss of efficiency at high light intensities. We 

related these effects to the efficient charge collection by the modified ITO electrode.  

Incorporation of N-CNTs in the bulk heterojunction layer of the OPV device resulted 

in poor performance when compared to an OPV device made without N-CNTs. This 

effect is caused by shorting of the OPVs. We used a method of incorporating N-CNTs 

whilst minimizing shorting and this showed potential for better performance. 

 

A study on the attempted doping of graphene with B to make it a p-type material 

showed that in the presence of a nitrogen carrier gas, BN instead of B was 

incorporated in graphene. This remarkable finding enabled us to grow a p-type 

graphene with a possible a band gap opening. This was corroborated by XPS and 

Raman spectroscopy studies of the material. This BN doped graphene material 

showed potential as a possible replacement of PEDOT:PSS as a hole transport 

material in OPVs. The BN doped graphene material can match the performance of 

PEDOT:PSS when the level of BN doping in graphene is increased. 
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The main factors that lead to poor performance of the P3HT:PCBM bulk 

heterojunction (BHJ) organic photovoltaic devices (OPVs) are: (1) low light 

harvesting because the thin films used allow most incident light to pass through, (2) 

the hopping type electron transport to electrodes is slow and results in a significant 

recombination process before collection and (3) poor stability of the devices. The aim 

of this work was to study and attempt to improve the performance of the 

P3HT:PCBM bulk heterojunction OPV by incorporating doped carbon nanomaterials 

in different parts of the device. In particular, the focus of the study was to investigate 

the following issues: 

i. The use of N-CNT films deposited on the ITO electrode as a nanostructured 

interpenetrating electrodes to increase the thickness of the active layer in 

order to increase light absorption and thus increase exciton generation of 

the P3HT:PCBM BHJ device. 

ii. Incorporation of N-CNTs in the P3HT:PCBM bulk heterojunction active 

layer to selectively transport electrons to the metal electrode. 

iii.  The use of BN doped graphene as a hole transport layer and encapsulating 

layer to reduce the rate of degradation of the active materials in an inverted 

solar cell. 

The drawback of using N-CNTs is that they are predominantly metallic making them 

both electron conductors and hole conductors thus making them centers for charge 

recombination before they reach the electrodes for collection. Doping of carbon 

nanotubes (CNTs) with large amounts of quaternary N is a well known method of 
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making CNTs n-type semiconductors. Control over the N type and content and 

morphology of N-CNTs during CVD still remains a major challenge. This is 

primarily due to the fact that different types of N are incorporated simultaneously 

during N-CNT synthesis. Changing the reaction environments and reaction conditions 

can influence the N type, but this also affects the morphology of the final product. As 

such it is necessary to gain a better understanding of the parameters that affect 

incorporation of different types of N in the N-CNTs during synthesis and after 

synthesis. In particular, a focus of the study was to consider the following issues: 

i. Effect of reaction temperature during growth of N-CNTs using an 

ethanol/acetonitrile precursor mixture. 

ii. Effect of oxidizing environment during growth of N-CNTs.  

iii.  Effect of heat treatment on the type of N and content in already formed N-

CNTs. 

The use of graphene as a hole transport electrode is attractive because graphene is 

flexible, impermeable, transparent and conductive. Graphene oxide is a p-type 

material and is very suitable for this application but the problem is that it is difficult 

to deposit uniform continuous single layer graphene from GO on a substrate. As such, 

high quality single layer p-type graphene materials need to be synthesized. In this 

study the growth of high quality graphene and methods of doping graphene during 

CVD growth have been investigated. In particular the focus was on: 

i. A study of the formation of single layer graphene on copper in a LPCVD 

method. 

ii. A study of the optimum condition to make single layer graphene and 

introduce both B and N to form BN doped graphene. 
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This thesis has been written as a compilation of papers some of which have been 

published, are in press, are currently under review or are yet to be submitted. 
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Chapter 1 - Gives the aims and objectives of this study and the outline of the thesis. 

Chapter 2 - Gives a justification for the study, highlighting the problems giving rise 

to poor performance of P3HT:PCBM bulk heterojunction solar cell and attempts to 

resolve these issues using carbon nanomaterials.. 

Chapter 3 – This chapter focuses on the use of temperature and oxygen in order to 

control the content type of  nitrogen that can be incorporated in N-CNTs during 

growth. This chapter was published as; Bepete G, Tetana ZN, Lindner S, Rummeli M, 

Chiguvare Z, Coville NJ. The use of aliphatic alcohol chain length to control the 

nitrogen type and content in nitrogen doped carbon nanotubes. Carbon, 2013, 52, 

316-325. 

Chapter 4 – This chapter focuses on the use of heat treatment on already grown N-

CNTs in order to effect changes in the type of N in N-CNTs. This chapter is to be 

submitted as; Bepete G, Voiry D, Chhowalla M, Chiguvare Z, Coville NJ. Structural 

Evolution of N structures in N-CNTs on annealing��

Chapter 5 – In this work we investigated the effect of time and methane 

concentration on the formation of graphene layers on copper. We propose a 

mechanism which explains how multilayer graphene can form using low flow 

methane systems. 

Chapter 6 – This chapter focuses on the doping of graphene with BN in order to 

induce the semiconducting behavior and hence band gap opening. This chapter has 

been published as; Bepete G, Voiry D, Chhowalla M, Chiguvare Z, Coville NJ. 

Incorporation of small BN domains in graphene during CVD using methane, boric 

acid and nitrogen gas. Nanoscale, 2013, 5, 6552 – 6557. 

Chapter 7 – This chapter focuses on the use of N-CNT thin films on ITO as a 3D 

electrode in a P3HT:PCBM bulk heterojunction solar cell. To be submitted. 

Chapter 8 – This chapter focuses on the use of N-CNTs as a selective electron 

transport medium in the P3HT:PCBM bulk heterojunction active layer. 

Chapter 9 – This chapter focuses on the use of BN doped graphene as a hole 

transport layer in the P3HT:PCBM bulk heterojunction solar cell. 
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Chapter 10 - This chapter provides a summary and conclusion of the current study 

highlighting advances made and challenges still faced. 
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Below are some of the ideas developed during the length of this PhD research project. 

i. We proposed that the synthesis temperature and oxygen presence during the 

growth of N-CNTs affect the amount and type of N incorporated in the N-

CNTs. 

 

ii. Heat treatment of N-CNTs can be used to tune the type of nitrogen (N) in N-

CNTs synthesized at low CVD temperatures,(from predominantly pyrollic N 

and pyridinic-N-oxide to pyridinic N and quaternary N). 

 
iii.  Low concentration/flow rates of methane in low pressure chemical vapor 

deposition (LPCVD) of graphene on copper can yield multilayer graphene if 

long growth times are used. This occurs because at low concentration 

graphene coverage on the Cu surface is slow and more active carbon species 

can diffuse underneath the already formed graphene, resulting in 

nucleation and growth of new graphene domains underneath the already 

formed top domains. 

 
 

iv. Small BN domains can be incorporated in graphene during CVD using 

methane, nitrogen, hydrogen and boric acid on copper. The BN domains in 

graphene induce semiconducting behavior in the graphene. 

 
��  The use of a N-CNT film to modify the ITO electrode in an OPV results in 

an enhanced Jsc and also reduces efficiency losses that occur in OPVs with 

increasing light intensities.�

�

�
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The use of fossil fuels is increasingly becoming unsustainable, mainly because of 

their substantial contribution to greenhouse gases which cause global warming and 

also because the known reserves of fossil fuels are continuously diminishing. The 

world today uses 16.0 TW of power; of that amount, 87% is based on burning fossil 

fuels [1]. Due to the continued population increase and improvement in the quality of 

life in developing countries, the energy demand is growing by 1.69 %. This translates 

to a total world power requirement of 30 TW by 2050 [2]. Renewable energy 

resources like solar, wind, hydro and biomass offers a sustainable but expensive 

alternative to fossil fuels. Power generation using hydro, wind and biomass is 

particularly suitable for small scale stand alone power generation systems. The 

world’s energy requirements are high and continue to rise on a daily basis. As such, 

any technology for renewable energy harvesting, conversion or storage in a 

sustainable future must be able to scale to the TW level to make a relevant impact at 

the global scale [3]. For this reason, solar energy conversion is viable because the 

resource is clean and infinite.  

	
	  �������������
Solar energy has several environmental advantages over other energy sources which 

include that it is; free, infinite, does not emit CO2 and other greenhouse gases and 

does not generate liquid or solid waste products. As such, it can be considered as the 

basis for a sustainable energy development program. The only limitation in exploiting 

the energy from the sun is in our ability to convert this abundant resource into 

affordable electricity. Energy from the sun can be converted into useful energy using 

solar thermal conversion, solar photovoltaics and solar fuels technologies. Solar 
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thermal conversion technology uses absorber materials to collect energy to heat water 

or to turn turbines to produce electricity [4,5]. Photo-catalysis can be used to split 

water to produce hydrogen fuel [6] or in the reduction of carbon dioxide into 

methanol [7], which can be burned as a fuel or as a precursor in organic synthesis to 

produce long chain hydrocarbons to be used as fuels. Solar photovoltaic cells use 

semiconducting materials that convert sunlight directly into electricity. 

2.2.1 Solar photovoltaics 

The photovoltaic conversion process has the potential to produce electricity at the 

GW-scale [8]. Adoption of this technology is only hindered by the cost related to the 

processing of the inorganic materials used in producing the solar cells and installation 

of the PV systems. The current cost of solar produced electricity is between $226 and 

$2031 compared to an average of $82 for coal fired electricity. The use of thin film 

materials in solar cells continues to be of interest as a potential source of renewable 

energy [9]. In particular, the use of thin films reduces material requirements thus 

reducing the cost of materials and the weight of the final PV systems. The cost of 

installation could be greatly reduced if flexible, paint based thin film photovoltaic 

solar cells can substitute the current more established bulk silicon based solar cells. 

2.2.2 Silicon based solar photovoltaics      

Despite intense research in the use of different new materials for photovoltaic 

conversion applications, over 90 % of photovoltaic (PV) modules produced 

worldwide are based on silicon material because of its durability, abundance and non-

toxicity [10]. The lab based performance of for the silicon based solar cells stands at 

25 % whilst the market product based efficiency stands between 15 – 22.4 % [11]. 

The major contributing factors to the cost of preparing a silicon based solar cell 

include, the required high purity silicon, high processing temperatures, large amounts 

of silicon required to produce the cells [12]. On the other hand, other solar 

photovoltaic technologies like organic photovoltaic cells, dye sensitized photovoltaic 

cells and quantum dot photovoltaic cells require less material to produces solar cells. 
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Organic photovoltaics (OPVs) are based on p-conjugated semiconducting organic 

molecules or polymers [13]. A combination of electron-donor and electron-acceptor 

materials with suitable HOMO and LUMO levels are used as the active material [14]. 

The best incident photon-to-current efficiency (IPCE)  for organic solar cells has been 

improved rapidly over the years and it currently stands at around 8% using low band 

gap donor polymers with a [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) 

acceptor material [15]. OPVs are commonly composed of an active layer comprising 

of a conjugated polymer such as poly(3-hexylthiophene) (P3HT) donor and a 

fullerene derivative PCBM acceptor sandwiched between a poly(3,4-

ethylenedioxythiophene):polysytrenesulphonate (PEDOT:PSS) modified ITO positive 

electrode and a low work function metal negative electrode such as aluminium (Al), 

as shown in Figure 2.1. Commercialization of PCBM-P3HT OPVs is hindered by the 

elevated cost of PCBM-P3HT and the limited conversion IPCE. Yet they have a large 

application potential in power generation. 
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2.3.1 Historical development 

Small organic molecules sandwiched between two metal electrodes of different work 

function were initially investigated for use in organic photovoltaics as an alternative 

to inorganic materials [16]. Small power conversion efficiencies of the order of 0.1 % 

were reported for these kinds of devices. The bilayer heterojucntion concept in which 
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a bilayer of n-type organic molecule and a p-type organic molecule were sandwiched 

between a transparent conducting metal oxide and a semitransparent metal managed 

to increase the power conversion efficiency to 1% [17]. The observation of a 

photoinduced electron transfer from optically excited conjugated polymers to C60 and 

improvement in photoconductivity upon addition of C60 to the conjugated polymers 

led to the development of the polymer-fullerene bilayer heterojunction and bulk 

heterojunction devices incorporating C60 and C60-derivatives [13]. This has improved 

power conversion efficiency to around 8 % to date [18]. A better understanding of the 

fundamental processes of photovoltaic energy generation, in particular the complex 

relationship between donor-acceptor (D-A) and the reasons why recombination 

occurs in OPVs has been elucidated recently [19]. This has helped to create an 

understanding of the physical and chemical properties of the required materials 

needed to be incorporated in OPVs in order to enhance device performance.  

2.3.2 Operating principles of OPVs 
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The bulk heterojucntion organic solar cell is the most favored because it is more 

efficient compared to the bilayer heterojunction solar cell. Figure (2.2a and b) shows 

the schematic representation of a heterojunction bilayer and a bulk heterojunction.  
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OPVs are made on a supporting glass coated with a thin film of transparent and 

conducting oxide e.g indium doped tin oxide (ITO) which serves as an electrode. A 

hole transport layer e.g poly (3,4-ethylenedioxythiophene)-polystyrene sulfonate 

(PEDOT-PSS) is coated onto the ITO coated glass. The photoactive layer, a blend of 

the D-A material is coated on the PEDOT-PSS. Finally a second electrode usually 

aluminium metal is deposited by vacuum evaporation.�
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Figure (2.3a and b) displays a D-A bulk heterojunction OPV and the corresponding 

electronic energy levels of the D-A, exemplified by the poly(3-hexylthiophene) 

(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) bulk-heterojunction 

active layer. The light energy conversion process to electric current in organic 

photovoltaics follows five consecutive fundamental processes: (1) absorption of 

photons with wavelength in the absorption band of the  donor (acceptor) to produce 

excitons (bound electron-hole pairs); (2) exciton diffusion within the donor (acceptor) 

phase towards an interface with acceptor (donor) before decaying; (3) dissociation of 

excitons (charge separation) producing charge carriers and electrons of the excitons 

transfer from the LUMO of the donor to the LUMO of the acceptor; (4) charge 

transport to electrodes through diffusion and or drift; (5) charge collection at 

electrodes. The thicknesses of each respective film in the organic solar cells are 

usually less than 200 nm. Figure 2.3c shows a typical current density (J)-voltage (V) 

curve of an organic solar cell device based on P3HT:PCBM under the 
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illumination of an AM1.5, 100 mW/cm2 light. Figure 2.3c shows the short circuit 

current density (Jsc), open circuit voltage (Voc), and fill factor (FF) of the devices. The 

FF is defined as JmaxVmax/JscVoc and is shown in Figure 2.3c. The photovoltaic power 

conversion efficiency (PCE) of the organic solar cell is proportional to Jsc, Voc, and 

FF. The Jsc depends on the efficiencies of the light absorption of the active layer, 

exciton diffusion to and dissociation at the D/A interface, charge transportation in the 

active layer, and charge collection on the electrodes. Voc is mainly proportional to the 

energy level difference between the LUMO of the acceptor and the HOMO of the 

donor (� E2) as shown in Figure 2.3b) [20]. FF is related to the series and parallel 

resistances of the devices; lower series resistance and higher parallel resistance result 

in higher FF values. 
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The P3HT:PCBM bulk-heterojunction solar cell is prepared by a blend solution of the 

donor (P3HT) and acceptor (PCBM) materials. The structures of both P3HT and 

PCBM are shown in Figure 2.3b. The high efficiencies in these devices are proposed 

to be due to a combination of favorable electronic properties of the pair (such as sub-

picosecond charge transfer) and good miscibility [21]. The optimum blending ratio 

for the P3HT:PCBM bulk heterojunction device is ca. 50 % [22]. The use of a high 

polymer ratio of 50 % in the P3HT:PCBM compared to other systems like the 

(poly[2-methoxy-5-(3�,7�-dimethyloctyloxy)-1,4-phenylenevinylene]) (MDMO-PPV) 

PCBM blend where 80 % PCBM is required is an advantage because it offers more 

light absorption and better hole transport [23]. Thermal annealing at 110 oC of the 

P3HT:PCBM is an effective way of improving the performance of native 

P3HT:PCBM films [24]. Annealing induces P3HT crystallinity and phase segregation 

which improves transport properties of the P3HT and PCBM cluster formation 

respectively [25,26].  Larger PCBM clusters in the P3HT are beneficial for 

photovoltaic performance. The thickness of the active layer strongly affects the 

performance of the devices, with the optimum films having a thickness less than 100 

nm [27]. 
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2.4.1 Improving performance of the P3HT:PCBM bulk-heterojunction 
OPV 

The performance of the P3HT:PCBM bulk-heterojunction solar cell can be improved 

by: (1) increasing the amount of excitons generated in the active layer per area and 

(2) improving the transport of electrons flowing to the metal electrode.  Most of the 

light incident on the P3HT is not absorbed because optimum films are less than 100 

nm thick [27]. The use of thicker films results in poor performance because 

recombination occurs before charges are collected at the electrodes [28]. In order to 

avoid recombination, but at the same time increasing the thickness of the 

P3HT:PCBM bulk-heterojunction active layer, interpenetrating nanostructured 

electrodes (as shown in Figure 2.4) are required in order to reduce the distance 

charges need to travel to electrodes for collection and to increase surface area for 

charge collection. Indeed, aligned ZnO nanowires [29,30] and nano-imprinted 

metals31 have been used as nanostructured electrodes in dye sensitized solar cells and 

organic solar cells respectively. 
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The transport of electrons in the P3HT:PCBM bulk-heterojunction active layer to the 

electrode can be increased by incorporating nanostructures which selectively 

transport electrons with high mobilities. Carbon nanotubes are ballistic conductors 
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[32]. This property could be useful if CNTs can be used as the acceptors and charge 

transport medium in organic solar cells to improve charge transport. Indeed, carbon 

nanotubes have been incorporated in the P3HT:PCBM bulk heterojunction active 

layer to enhance charge transport to electrodes [33].  
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There are several processes which contribute to the degradation of OPV performance 

(Figure 2.5) [34]. Organic materials are by nature more susceptible to chemical 

degradation by e.g. oxygen and water than are inorganic materials. The following 

process contribute in the degradation of OPVs: (1) Dissolution of the conducting ITO 

layer by chemical attack from the acidic PEDOT:PSS, (2) attack of the organic 

polymer by water which diffuses into the active layer from the water based 

PEDOT:PSS, (3) PCBM catalyzed atmospheric oxygen attack of the double bonds in 

the conjugated organic polymer in the active layer and (4) diffusion of the aluminium 

metal from the metal electrode into the P3HT:PCBM bulk-heterojunction active 

layer. Figure 3 shows several processes involved in the degradation of OPVs.�
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2.5.1 Improving stability of organic solar cells 

Inverted organic solar cells in which electrons are collected on the ITO and holes on 

the aluminium metal can reduce the rate at which OPVs degrade [35,36]. This is 

because: (1) the ITO is isolated from the acidic PEDOT:PSS hole transport layer 

which corrodes the ITO and allows indium metal to diffuse through to the 

P3HT:PCBM bulk-heterojunction active layer, (2) the hole transport layer is now 

coated onto the P3HT:PCBM bulk heterojunction layer where it also acts as a barrier 

thus protecting the P3HT:PCBM layer by reducing the amount of water and oxygen 

reaching it. The hole transport layer coating reduces the amount of aluminium metal 

which diffuses into the P3HT:PCBM active layer. Indeed, inverted OPVs have shown 

better stability when compared to the normal OPVs [35,36]. Some of the hole 

transport layers used in inverted OPVs can also diffuse into the active layer as well 

allow water and oxygen to diffuse through because they are not completely 

impermeable to water and oxygen. A graphene based hole transport layer can be 

utilized to stop both the diffusion of the hole transport layer (HTL) material into the 

P3HT:PCBM  bulk heterojunction active layer and act as a barrier to prevent water, 

oxygen and the metal electrode from diffusing into the P3HT:PCBM bulk 

heterojunction active layer [37,38]. 
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2.6.1 Carbon nanotubes 

The drawback of using multiwalled carbon nanotubes in bulk-heterojunction solar 

cells is that they are predominantly metallic meaning they are both electron 

conductors and hole conductors. This makes them centers for charge recombination 

before the electrons and holes reach the electrodes for collection [39]. Doping of 

carbon nanotubes is a well known method for making CNTs semiconducting. Indeed, 

nitrogen doped and boron doped carbon nanotubes have been used in organic solar 

cells together with fullerene acceptors to improve the current density of the OPV 

device [40]. This means that they selectively transport electrons and holes to 

electrodes. The doping of nitrogen does not automatically make them n-type 
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materials, but a significant amount of one type of nitrogen, the quaternary nitrogen, 

needs to be incorporated in the carbon nanotube structure to achieve this result 

[41,42].  

2.6.2 Graphene 

The use of graphene as a hole transport electrode is attractive because it is flexible, 

impermeable, transparent and conductive. A problem is that graphene is metallic so it 

is not very suitable to collect holes. On the other hand graphene oxide is a p-type 

material and is very suitable for use as a hole collecting electrode. However, it is 

difficult to deposit a uniform continuous single layer graphene from a GO solution on 

a substrate. As such, high quality single layer p-type graphene material is still 

required for this purpose.  
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2.7.1 Nitrogen doped carbon nanotubes 

Robust methods to tune the unique electronic properties of carbon nanotubes by 

doping with N are in great demand due to the potential of these one dimensional 

materials to impact a range of applications. It is important to tune the CNT material 

for the development of high performance nitrogen doped carbon nanotube based 

systems. Our understanding of the factors influencing the amount and type of N 

incorporated in carbon nanotubes is still emerging. The type of N incorporated in the 

nitrogen doped carbon nanotube material (N-CNT) influences the electronic 

properties and also the effectiveness of the material as a catalytic support material or 

as catalyst. The doping of carbon nanotubes with boron and nitrogen was predicted in 

a calculation as early as 1993 [43]. The calculations showed that N will induce n-type 

behavior whilst B will induce p-type behavior in the doped carbon nanotubes. The 

possibility of doping CNTs to produce either n-type or p-type with N and B 

respectively revealed that the doped CNTs could have rich properties and opened a 

way for possible applications.  
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The first heteroatom doping in carbon nanotubes materials were reported with the 

simultaneous incorporation of B and N in a carbon nanotube material as early as 1994 

[44] only three years after the initial report on carbon nanotubes by Iijima in 1991 

[45]. This brought about an intense interest in the production of doped CNTs. The 

first report on nitrogen doping in carbon nanotubes was reported in 1997 [46]. The 

study was not aimed at producing N-CNTs, but aligned CNTs but because a solid N-

containing carbon precursor material was used, N doping was achieved. Heteroatom 

doping became simplified after chemical vapor deposition growth of carbon 

nanotubes using gaseous and liquid hydrocarbons was reported in 1993 [47,48] and 

early 1994 [49]. This meant that a wide range of dopant containing precursor 

materials could be used thus simplifying the process of making doped CNT materials.  

Studies on doping initially centered mostly on incorporating the highest amount of 

nitrogen into a CNT. Nitrogen forms incorporated in CNTs posses different 

chemistries and their presence depends on the growth conditions used during the 

synthesis of the CNT material [50]  Recent research has shown that in addition to the 

concentration of N atoms in the graphitic carbon material, the boding character of N 

atoms plays a crucial role in determining their fundamental properties [51].  Nitrogen 

can be incorporated in the graphitic structure of carbonaceous materials in a variety of 

forms namely; pyridinic nitrogen, quaternary nitrogen, pyridinic-N-oxide and pyrrolic 

nitrogen. 
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Several techniques including, CHN analysis, XPS and EELS been used to quantify 

the amount and identify the type of nitrogen incorporated in carbon nanotubes. CHN 

analysis measures the amount of gaseous products after oxidation. This means that 

gaseous N forms physisorbed in the CNT walls are also included in the measurement. 

This method gives the concentration of N but without elaborating the type of N which 

is available in a sample. XPS and EELS give more information on the type of N 

observed in a sample. XPS is a powerful surface technique that can be used to 

accurately detect the presence and relative quantities of elements in a sample. Further 
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analysis can provide information about the state and environment of atoms in the 

sample, which can be used to infer information about the surface structure of the 

material. This is particularly useful for doped carbon nanomaterials, in which the 

dopant appears in different concentrations and different atomic environments.  

Assigning each nitrogen type correctly in an N-CNT matrix to a respective binding 

energy still remains complex, but using the knowledge that, more positively charged 

atoms will require more energy to release an electron it is possible to arrange the 

atoms from which the electrons are originating from in an order of increasing binding 

energy. In terms of binding energy the nitrogen forms in an N-CNT structure can be 

arranged in the order of increasing binding energy: pyridinic-N < pyrrolic N < 

quaternary N < pyridinic N oxide. Various reports agree on assigning pyridinic N, 

pyrrolic N and quaternary N at binding energies of 398.5, 400.5 and 401.5 eV 

respectively [52].  

Nitrogen can be incorporated in carbon nanotubes from as low as 0.1 % to as high as 

20.0 % [53]. This is within the XPS detection limits of approximately 0.01% for 

monolayer and 0.1% for bulk materials.  

2.7.2 Large area BN doped graphene 

Several theoretical studies have shown that simultaneous incorporation of B and N in 

to graphene is thermodynamically possible yielding small planar hexagonal boron 

nitride (h-BN) domains in graphene and most importantly  that this process achieves a 

band gap modulation in graphene [54]. The band gap opening in graphene, due to 

doping with small BN domains, has been attributed to the breaking of localized 

symmetry [55]. The tunable electronic properties of a graphene material containing 

BN makes this material likely to be useful in electronic devices, composites, energy 

conversion and storage. Indeed, a CVD method has recently been used to grow BN 

doped graphene on a copper foil using Ar/H2, methane and ammonia borane gases 

[56]. This method produced graphene domains alloyed with discrete large BN 

domains�
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A range of precursor materials, catalysts and different procedures have been used to 

achieve varying levels of nitrogen doping in CNTs since Terrones et al. reported on 

the synthesis of nitrogen doped carbon nanotubes, N-CNTs, in 1997 [1]. The most 

common method to make N-CNTs involves the use of an organometallic catalyst 

dissolved in nitrogen-containing organic solvents that are injected into a CVD reactor 

[2]. The level of nitrogen doping and the type of nitrogen incorporated are all 

important in modulating the properties of N-CNTs [3]. Control of the nitrogen doping 

level in N-CNTs has been obtained by using different concentrations of diluted 

nitrogen-containing organic sources typically mixed with common carbon sources 

such as xylene [4], toluene [5-6], and benzene [7]. Gaseous precursors, like acetylene 

[8] have also been used in combination with N-containing reactants, to synthesize N-

CNTs. Methods in which a carrier gas is bubbled through a nitrogen-containing 

source and then carried through to the CVD reactor can be used to modify the 

nitrogen content. The level of nitrogen doping is, in general, influenced by the flow 

rate of the carrier gas bubbled through the nitrogen-containing source relative to that 

of the carbon containing source which can be a gas or a liquid. Several nitrogen 

sources, like pyridine [9], acetonitrile [10], amines [11], and ammonia [12] have been 

used in CVD to grow N-CNTs using both injection and bubbling methods. Studies 

have shown that different nitrogen-containing sources affect the morphology, 
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structure, the type of nitrogen species incorporated and the nitrogen doping levels in 

the N-CNTs [13]. The nitrogen can exist in a variety of oxidation states in the N-

CNT, the most important being the pyridinic type N and the quaternary N. Figure 3.1 

shows the type of N species which can be incorporated in N-CNTs [14]. The 

pyridinic type N is bonded to two carbon atoms and has a localized electron lone pair. 

N-CNTs with a high pyridinic type N content exhibit catalytic activity in oxygen 

reduction reactions [15]. Quaternary N is the graphite like nitrogen incorporated into 

the extended graphene structure with one delocalized electron. The delocalized 

electron dopes the graphene layer thereby making the material n-type [16, 17]. 

Optimization of each type of N is important if the respective properties brought about 

by each type of N species are to be utilized in applications. 
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To date, however, studies that have been undertaken to control the type of nitrogen 

found in N-CNTs have focused on the effect of the synthesis temperature [18] and the 

nitrogen-containing carbon sources [19]. To the best of our knowledge no studies 

have been reported that indicate how the type of N content can be controlled by 

systematically varying the carbon source. One method to achieve this would be to use 

oxidizing agents. Thus the use of oxygen-containing reactants such as alcohols, 
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ketones, carboxylic acids etc. together with a nitrogen-containing source could be 

employed to achieve this objective. Indeed, two earlier studies have reported on the 

use of acetonitrile/ethanol mixtures to make N-CNTs. In one method, ferrocene was 

used as catalyst together with different mixtures of ethanol/acetonitrile solutions [13]. 

Nitrogen incorporation was found to generally increase with acetonitrile 

concentration but the type of nitrogen incorporated did not show any variation with 

the acetonitrile/ethanol ratio. In another study a Fe/MgO catalyst was used to make 

N-CNTs using varying concentrations of ethanol/acetonitrile [10]. The different 

precursor (ethanol/acetonitrile) mixtures yielded carbon nanotubes with very different 

morphologies and structures; from single walled and multi-walled, to bamboo-like 

structures and deformed carbon nanotubes all mixed together. In both studies 

different nitrogen species were incorporated into the CNTs. However, the type of 

nitrogen incorporated into the structures did not show any variation relative to the 

total nitrogen incorporated into the N-CNT material. Further, when the 

ethanol/acetonitrile ratio of reactants changed, the varying N/O ratios made it difficult 

to interpret the effect of oxygen content on the N content/type incorporated in the 

CNT. The effect of oxygen on N composition and bonding character in the N-CNT 

material was not studied in both studies. In a study related to this work, pure pyridine 

was used as a carbon and nitrogen source, and the N composition and bonding 

character in the N-CNT material showed a dependence on growth temperature [18].  

The use of aliphatic alcohols of different chain length in the absence of a nitrogen 

containing reactant has been investigated in the synthesis of MWCNTs and it was 

shown that the chain length of the aliphatic alcohol influenced the crystallinity of the 

produced CNTs [20]. The addition of different types and amounts of alcohols to a 

carbon source showed that the quantity of O and C atoms in a precursor played an 

important role in modifying both the CNT growth and the CNT morphologies [21]. 

To determine if the type of nitrogen in an N-CNT could be influenced by oxygen 

atoms, we have synthesized a range of N-CNT materials using an ethanol/acetonitrile 

reactant mixture pyrolysed at different CVD synthesis temperatures. 
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Alcohol/acetonitrile mixtures with aliphatic alcohols with different chain length 

(ROH; R = CH3, C2H5, C4H9, C5H11, C7H15 and C8H17) were also studied; they all 

have similar structures/functional groups and also provide mixtures with controlled 

different C/O mass ratios whilst the nitrogen content as a function of total mass (C, O, 

and N) remains constant (Figure 3.2). The C/N ratio in the precursor mixture of each 

different alcohol increased with increase in alcohol chain length, for example from 

7.1 for a methanol/acetonitrile mixture to 12.6 for an octanol/acetonitrile mixture. 
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N-CNTs were synthesized by the catalytic chemical vapor deposition (CCVD) 

method. The catalyst used in this study was Fe/Al/MgO [22], with a molar ratio of 

1:1:12. A quartz boat containing 300 mg catalyst powder was inserted into the centre 

of a quartz tube reactor. The reactor was heated to the required temperature (T = 700 
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oC, 800 oC, 850 oC, 900 oC, 1000 oC) in 5% H2/Ar at flow rate of 240 mL/min. At the 

required temperature the carbon and nitrogen sources (80% ethanol and 20% 

acetonitrile by mass) mixtures were introduced into the reactor by means of a 20 ml 

syringe driven by a syringe pump at 1.2 mL/min for 20 minutes. Following the same 

procedure at 850 oC, different precursor mixtures containing 80% of an alcohol and 

20% acetonitrile by mass were used. Aliphatic alcohols (methanol, ethanol, butanol, 

pentanol, heptanol and octanol) were used in this study (see Figure 3.2). After the 

reaction, the reactor was cooled to ambient temperature under a flow of 5% H2 in 

argon. The yield of carbon nanotubes obtained was established by weighing the 

catalyst before N-CNT growth and weighing the catalyst and product after the N-

CNT synthesis, using the formula: 

N-CNT yield (wt.%) = [(MF – MI)/MI] × 100 

where MF is the total weight of catalyst and product after synthesis, and MI is the 

weight of the catalyst. 

 Purification (removal of catalyst) was achieved by sonicating the product in 6 M HCl 

at room temperature in an ultrasonic bath for 30 minutes. The sample was then 

filtered and washed thoroughly with distilled water and acetone. Finally the purified 

samples were dried in an oven at 120 oC for twelve hours.  Morphological 

characterization of the N-CNTs was carried out using Transmission Electron 

Microscopy (Tecnai G2 Spirit TEM at 120 kV). The thermal stability of the as 

synthesized N-CNTs and the extent of purification were determined by TGA using a 

Perkin Elmer Pyris Thermo-gravimetric Analyser 1 instrument under an air flow at 20 

mL/min. The elemental composition of N-CNTs was determined by X-ray 

photoelectron spectroscopy (XPS) after purification using a PHI5600 spectrometer 

equipped with a monochromatic AlK�  source (1486.6 eV). Raman spectra were 

recorded at ambient temperature on a Jobin-Yvon T6400 micro-Raman spectrometer 

using a tunable spectra Physics dye laser with a 636.4 nm excitation source. 
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The pyrolysis of ethanol/acetonitrile mixtures over a Fe/Al/MgO catalyst (T = 700 – 

1000 oC) produced carbon nanotubes with a bamboo like morphology as noted from 

TEM images (Figure 3.3). The temperature and the ethanol precursor mixtures used  
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played a significant role in generating the morphology of the produced N-CNTs. The 

N-CNTs formed at temperatures between 700 and 850 oC have a good tubular form 

with bamboo compartments with close spacing (Figure 3.3a and b). Above 850 oC the 

N-CNTs had larger diameters and the bamboo compartments were longer (Figure 

3.3c). Most N-CNTs synthesized at 900 oC have a wide range of diameters (20 nm – 

40 nm). At the higher temperatures metallic catalyst particles coalesce to form bigger 
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particles which in turn generated larger diameters of the synthesized carbon 

nanotubes (> 20 nm) [23]. At 1000 oC some irregularly shaped carbon material 

deposits were formed (Figure 3.3d). 
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The yield of N-CNTs decreased, almost linearly, as the temperature in the reactions 

increased (Figure 3.4). This trend is different from that reported previously where 

yields of N-CNTs and undoped MWNTs generally increase with increase in 

temperature [18]. The effect is due to the ethanol, an oxygen containing precursor 

which oxidises carbon at high temperatures. Also, at high temperatures the etching 

effect of the OH radicals will disrupt the initiation stage of N-CNT growth. 
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Figure 3.5 shows the results of the thermogravimetric analysis (TGA), of the 

unpurified N-CNT samples synthesized at different temperatures using an 

ethanol/acetonitrile mixture. The residual mass generally increases with reaction 

temperature, consistent with the data in Figure 3.4 in which the carbon yield generally 

decreased with reaction temperature. The temperature of decomposition of the N-

CNTs also generally increased with increase in synthesis temperature. The lowest 

decomposition temperature as measured from differential thermogravimetric analysis 

(DTA) curves (Figure 3.6), was recorded at 580 oC for N-CNTs synthesized at a CVD 

temperature of 700 oC, with the highest decomposition temperature at 690 oC for N-

CNTs synthesized at 950 oC. This result shows that N-CNTs grown at high 

temperature are more thermally stable. This suggests a decrease in the amount of 

nitrogen incorporated as well as decrease in the number of defects introduced at high 
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temperatures. This is also consistent with TEM data; the bamboo compartment size 

increased with temperature indicating lower nitrogen content at higher temperatures 

[5]. It is to be noted that the N-CNT material synthesized at 1000 oC decomposed at a 

slightly lower temperature of 670oC compared to that of the 950 oC N-CNT sample 

(Figure 3.6). This could be due to the presence of more O in the material as a result of 

functionalization of the N-CNT sidewalls [21]. At higher temperatures (1000 oC) this 

effect results in a less stable N-CNT material. Figure 3.5 shows that the final weight 

remaining after TGA increased from about 20% for the material synthesized at 700 
oC to about 60% for the material synthesized at 1000 oC. This variation is in 

agreement with the yields calculated and shown in Figure 3.4. The N-CNT/catalyst 

ratio decreased with increase in synthesis temperature, i.e. more catalyst residue 

remaining after TGA for the material synthesized at the higher temperatures. The 

insert in Figure 3.5 shows the TGA profile of an N-CNT sample grown at 700 oC, 

before and after purification with HCl to remove of catalyst. The catalyst material 

was almost completely removed and the material indeed, showed a slight 

enhancement in thermal stability after purification showing that purification using 

HCl does not induce defects in the N-CNTs by functionalization. 
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XPS data were recorded on the various purified products made from 

ethanol/acetonitrile and the data are shown in Figure 3.7a-e. The asymmetric shapes 

of the XPS N1s spectra of the synthesized N-CNTs show that several nitrogen species 

were incorporated in the N-CNTs (Figure 3.7a-d). Atomic nitrogen (NT) 

concentration is total N found from the N1s spectrum less molecular N. Four different 

types of nitrogen species pyridinic N (NPyr), pyridinic-N-oxide (NPO), quaternary N 

(NQ), and molecular N (NMo) were observed. The atomic nitrogen concentration of 

each N-type (NPyr, NPO, NQ, and NMo ) were obtained by calculating the area under 

each respective peak in the curves (Figure 3.7) A steady decrease in the level of 

nitrogen doping with increase in CVD synthesis temperature was noted (Table 3.1); a 

result confirmed by TEM and TGA data. The XPS result showed an atomic nitrogen 

concentration of 0.85 % in the N-CNTs synthesized at 700 oC (least stable), and a 
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nitrogen content of 0.1% in N-CNTs synthesized at 1000 oC. The elemental ratio of 

the precursor mixture was C: N: O of 61:31:8. The amount of N incorporated in the 

N-CNT materials in our study is much lower compared to other studies. We relate 

this to the use of a diluted N-containing carbon source and the presence of O which 

we suspect inhibits N incorporation in the N-CNT material. The changes in total 

nitrogen content as well as the amounts of each type of nitrogen found in the N-CNTs 

are shown in Figure 3.7f and in Table 3.1. Also of note is the decrease in the 

quaternary N species with temperature. Of significance is the disappearance of the 

pyridinic N peak at ca. 398 eV at CVD synthesis temperatures above 800 oC (Figures 

3.7c-d).  In the N-CNT sample synthesised at 700 oC we obtained a peak at ca. 402 

eV (Figure 3.7a) which we attributed to pyridinic-N-oxide, an oxidised form of the 

pyridinic N with a –N+-O- structure [24].  
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CVD 
Temperature 

oC 

NPyr 
(%) 

NPO 

(%) 
NQ (%) NT (%) NPyr/NT 

(%) 
NPO/NT 

(%) 
NQ/NT 

(%) 
NMo 
(%) 

700 0.26 0.3 0.30 0.85 30 35 35 0.65 

800 0.36 - 0.45 0.81 44 - 56 0.39 

850 - - 0.36 0.36 - - 100 0.14 

900 - - 0.49 0.49 - - 100 0.01 

1000 - - 0.10 0.1 - - 100 - 

 

Pyridinic-N-oxide is only incorporated at low temperatures because it is not stable at 

high temperatures [25]. Also, the XPS data shows that the molecular nitrogen 

incoporation at (ca. 404.4 eV) [26] decreases with increase in temperature until it is 

not present in the material synthesized at 1000 oC (Figure 3.7e). Pyridinic N is not 

stable in N-CNTs at high temperatures [7]. Interestingly the most stable species is the 

quaternary N species as shown by the NQ/NT ratio which gradually increases to 100 % 

of the total N content at high CVD temperatures. The FWHM of the quaternary N is 

in the range of 1.8 eV for material synthesized at temperatures between 700 oC and 
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850 oC but changes significantly to greater than 2 eV for materials synthesized at 900 

and 1000 oC. At tempeatures above 900 oC and in the presence of O, surface 

modification of the carbon nanotubes walls occurs to give pyridine pyrole (–O-C=N) 

(400.3 eV) and oxidized nitrogen N-O-C (404.5 eV) [27]. This is in agreement with 

other studies where alcohols were used in the precursor to form functionalized carbon 

nanotubes [21]. The N1s peaks of such species cannot be fitted independently, thus 

results in the broadening of the quaternary N peak at 401.2 eV. Pyrrolic N (400.5 eV), 

was not observed in any of the material synthesized from ethanol/acetonitrile [28]. 

We suspect that pyrrolic N is not stable in the presence of high oxygen environments 

and easily oxidizes. 
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The Raman spectroscopy first order peaks at 1350 – 1356 cm-1 and at 1583-1592 cm-

1, which correspond to the D and the G band respectively, were observed for all the 

samples studied (Figure 3.8). A comparison of the D-band and the G-band shows that 

the ratio depends on the CVD synthesis temperature (Figure 3.9).  There is a general 

decrease in the band intensity ratio (ID/IG) with increase in CVD temperature, 

suggesting that the relative degree of order in the N-CNTs improves with an increase 

in CVD temperature [4, 26]. N-CNTs become more graphitic at high synthesis 

temperatures since there are fewer defects induced by nitrogen incorporation as was 

confirmed by XPS data. The (ID/IG) intensity ratio of 1.2 at 800 oC drops to 0.8 at 850 
oC. At 850 oC, the pyridinic N ceases to be incorporated into the N-CNT material and 

the decrease in (ID/IG) intensity ratio correlates with this absence of pyridinic type N. 
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This result is consistent with the results of others who have also suggested that the 

pyridinic type N causes formation of bamboo structures, the main cause of disorder in 

N-CNTs [29].  
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A peak at approximately 2700 cm-1 in the Raman spectrum, a second order Raman 

band, showed a dependence on growth temperature and nitrogen incorporation. A 

comparison of the band intensity ratio (I2D/IG) showed a general increase with 

increase in CVD temperature (Figure 3.9). The (I2D/IG) intensity ratio of 0.1 at 800 oC 

rose to 0.36 at 850 oC. Changes could relate to the absence of pyridinic type N in the 

N-CNT material. Both the intensity ratios, (ID/IG) and (I2D/IG), show a large change 

between N-CNT materials synthesized below 850 oC and N-CNTs synthesized above 

that temperature (Figure 3.9). 
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Short chain alcohols i.e. (methanol and ethanol) yielded N-CNTs with thin walls and 

smaller diameters while the long chain alcohols (heptanol and octanol) yielded N-

CNTs with thick walls (Figure 3.10). When the precursor is a long chain alcohol it 

contains more carbon which yields thicker walls [20]. 

 

��������	
'��+,�������������-����
�������������$'(� ���������� ���������������� ���������
������ ����-./����)2'� � -	�

The reaction yields were between 83% and 450% with higher yields found for 

precursor mixtures containing long chain alcohols (Figure 3.11). This trend is in 

agreement with that reported previously by others where yields of CNTs produced 

from aliphatic alcohols were found to be higher when long chain alcohols were used 

[20].  
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The use of alcohols with different C/O ratios (but with constant acetonitrile and hence 

N content) could give rise to (i) an increase in N content, if the oxygen content 

decreased and was responsible for nitrogen loss and (ii) a decrease in N content as the 

C/N ratio increased if this (and not the O content) controlled the nitrogen content in 

the N-CNTs. XPS measurements showed that N-CNTs produced from the 

acetonitrile/alcohol mixtures produced N-CNTs with different amounts of nitrogen 

viz methanol (0.37 % N), ethanol (0.36 % N), butanol (0.59 % N), pentanol (0.59 % 

N), heptanol (0.7 % N) and octanol (1.27 % N), respectively (see Figure 3.12). Thus, 

the oxygen content plays a significant role in determining the nitrogen incorporation 

in N-CNTs. 
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Figure 3.12 The N composition in N-CNTs made from the different alcohol precursor 
mixtures obtained from XPS analysis. 

The asymmetrical shape of the N1s peaks for the XPS data for the purified materials 

produced from different alcohols showed that different nitrogen species were 

incorporated in the carbon nanotubes (Figure 3.13a-f). At a high oxygen content in 

the alcohol (e.g. methanol and ethanol), pyridinic nitrogen was not incorporated into 

the N-CNTs (Figure 3.13a and b). At low O content (e.g. heptanol and octanol) 

pyrollic N ca. 400.8 eV was obtained [24] (Figure 3.13e and f). This is in agreement 

with our earlier suggestion that pyrollic N is not stable and is easily oxidized at high 

temperatures and in the presence of high oxygen containing reactants. Molecular 

nitrogen at ca. 404.4 eV and quaternary N at ca. 401.5 eV were found in all the N-

CNT materials as shown in Figure 3.13a – f. The former did not show any general 

trend while the latter showed a decrease with increase in alcohol chain length in the 

precursor material (decrease in C/O ratio). The FWHM of the quaternary N is in the 

range of 1.8 eV for material synthesized from precursors containing ethanol-octanol 

but changes to greater than 2 eV for material synthesized using the precursor material  
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containing methanol. The amount of O in this precursor mix is maximum thus the 

environment is more oxidizing compared to other precursor mixtures. This gives rise 

to surface modification of CNT walls to give oxidized nitrogen species which 

broadens the quaternary N peak as explained earlier in the text. The changes in total 

nitrogen content as well as the amounts of each type of nitrogen found in the N-CNTs 

are shown in Table 3.2. 
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Alcohol NPyr 
(%) 

Npyro 

(%) 
NQ 
(%) 

NT 
(%) 

NPyr/NT 

(%) 
NPyro/NT 

(%) 
NQ/NT 

(%) 
NMo 

(%) 
Methanol - - 0.37 0.37 - - 100 0.13 

Ethanol - - 0.36 0.36 - - 100 0.14 

Butanol 0.22 - 0.37 0.59 37.3 - 62.7 0.31 

Pentanol 0.40 - 0.19 0.59 67.8 - 32.2 0.41 

Heptanol 0.20 0.30 0.23 0.70 28.6 42.9 32.9 0.57 

Octanol 0.20 0.56 0.51 1.27 15.7 44.1 40.2 0.13 

Figure 3.14 shows the Raman spectra for N-CNTs produced from different alcohols. 

Amongst the alcohols studied, ethanol produced N-CNTs with a more graphitic 

nature as shown by the ID/IG of 0.8 compared to all the others. The N-CNTs produced 

from ethanol also showed the maximum I2D/IG ratio of 0.36. The variation of the C/O 

ratio used in this study made it difficult to correlate the N content in N-CNT materials 

to the ID/IG of the Raman spectra because the variation of C/O ratio also affected 

crystallinity of produced material [20, 21]. 
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Nitrogen doped carbon nanotubes, made from different acetonitrile/alcohol mixtures, 

gave materials with different nitrogen content. At low CVD synthesis temperatures 

and also at a low precursor oxygen content, a high nitrogen content incorporation is 

favored. However, as the CVD synthesis temperature is increased and the precursor 

oxygen content increased (from octanol to methanol), not only does the nitrogen 

content decrease but the forms of nitrogen incorporated into the N-CNTs also change. 

Incorporation of pyridinic nitrogen and molecular nitrogen is favored at low 

temperatures and at low oxygen environments, but these completely disappear at high 

CVD synthesis temperatures and at a high oxygen content; only quaternary nitrogen 

is stable under all the reaction conditions.  
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The doping of carbon nanotubes (CNTs) with nitrogen (N) to enhance their properties 

in different functional systems has been studied by several workers [1,2,3]. Nitrogen 

can be incorporated in the carbon matrix of the nitrogen doped carbon nanotube (N-

CNT) in a variety of forms, namely; pyrrolic N, pyridinic N, pyridinic-N-oxide and 

quaternary N. Molecular nitrogen and oxides of nitrogen are also found physically 

adsorbed on the N-CNT walls [4]. The type of N incorporated in the N-CNT material 

influences the electronic properties [5,6] and the behavior of the material as a catalyst 

[7]. For example; in oxygen reduction electro-catalysis reactions, quaternary N speeds 

up the O reduction reaction whilst pyridinic N lowers the potential required to start 

the oxygen reduction reaction [8,9]. In organic photovoltaic solar cells the N-CNTs 

selectively transport electrons to the metal cathode [10]; this is likely due to the 

presence of quaternary N as dopant. Quaternary N has a delocalized electron which 

dopes the extended graphene layer of the N-CNT thereby making the material n-type 

[11,12]. Control of the N type incorporated in the N-CNT material is thus important if 

N-CNTs are to be tailor made for specific applications. The current knowledge of 

how the bonding configuration or location of the nitrogen dopant in N-CNTs can be 

influenced is lacking. 

Several methods of incorporating N in CNTs including in-situ N doping [13,14,15] 

and ex-situ N doping [16,17,18] have been widely investigated. However, all these 

methods lack the ability to control the type of the N structures which can be 

incorporated into the N-CNT material. In an earlier study we showed that to some 

extent using in-situ N doping the amount and type of N, incorporated in N-CNT 
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material can be influenced during growth not only by the N content in the precursor 

material but also by growth conditions such as reaction temperature and oxidizing 

environment [19]. A problem with such control of N species is that changes in the 

reaction environment also bring about changes in morphology and changes in the 

crystalinity of the formed materials [20]. Changes in morphology and crystalinity also 

affect the properties of carbon nanotubes. Ex-situ doping could be used in this case, 

but its lack of control over the type of nitrogen incorporated in the CNT materials still 

remains a drawback [17,18]. Thermal treatment of N-CNTs to change the N forms, 

could provide an attractive procedure to tune the N forms in N-CNTs whilst not 

changing other characteristics of the N-CNTs. Indeed, studies have been conducted to 

change the amount of N in N-CNT material by heat treatment under inert conditions 

[21,22]. In these studies, quaternary and pyridinic N rich materials were used. 

However, while the N content was reduced no significant conversion from one N type 

into another in the N-CNT material was reported. More recently it was shown that the 

pyridinic N structures in carbon nanotubes could be converted to quaternary N 

structures by thermal treatment under inert conditions [23]. These two different 

results, [21,22,23] can only be explained if different nitrogen structures react 

differently to thermal treatment. Pyridinic nitrogen and quaternary nitrogen appear to 

be stable in N-CNTs and notable changes to these structures can only be induced at 

high temperatures. By contrast pyrrolic N appears to be unstable at high temperatures 

and will thus react to form more stable N structures. Thus N-CNT materials 

containing pyrrolic N will be an ideal material to obtain an insight into how N 

structures form in N-CNTs.  

N-CNTs containing high concentration of pyrrolic N have been prepared reproducibly 

by using a mixture of a carbon source and nitrogen-containing precursor material in 

the CVD synthesis of N-CNTS at low CVD temperatures [19]. CNTs grown at low 

CVD temperatures at atmospheric pressure give well formed tubular morphologies 

with small and uniform diameters, and smooth walls [24]. It is possible to modify the 

N forms in such high quality N-CNTs after synthesis by annealing at temperatures 
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below 1000 oC. The N-CNTs should retain their good quality and this could provide a 

useful procedure to prepare different N-CNT materials in applications requiring 

different forms (and amounts) of N.  

4.2 Experimental 

N-CNTs were synthesized using a chemical vapor deposition method from a 

precursor mixture containing acetonitrile and heptanol over a Fe/Al/MgO catalyst at 

700 °C [19]. We used the produced material to prepare N-CNT films using a vacuum 

filtration method [25].To form an N-CNT film, 2 mg of the purified, CVD grown N-

CNTs were dispersed by ultrasonication in 1  L of 10% sodium dodecyl sulphonate 

(SDS) (Sigma) surfactant suspension in water. 20 ml of the suspension was vacuum 

filtered onto 220 nm pore size, mixed cellulose ester membrane (Millipore), and 

followed by washing with copious quantities of deionized water to remove the 

surfactant. To transfer the N-CNT film to the SiO2/Si substrates, a wet membrane was 

placed N-CNT film side down onto the a SiO2/Si substrate. The assembly was 

subsequently covered with clean porous paper and loaded with a 2 kg mass to dry flat 

overnight, leaving the nanotube film (with its filtration membrane still attached) 

adhered to the SiO2/Si substrate. The mixed cellulose ester membrane was dissolved 

in successive acetone baths followed by a final methanol bath. The N-CNT films on 

SiO2/Si were left to dry in air. The N-CNT films were heated to (100-800 °C) for two 

hours under a 7% H2 in N2 gas mixture (N2/H2) atmosphere. The N-CNT materials 

were characterized by transmission electron microscopy (TEM), scanning electron 

microscopy (SEM) and atomic force microscopy (AFM). X-ray photoemission 

spectroscopy and Raman spectroscopy was used to study the changes in the structure 

of the material due to the heat treatment.  
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The morphological properties of the synthesized N-CNT material and the fabricated 

N-CNT thin films were investigated by Transmission Electron Microscopy (TEM), 

Scanning Electron Microscopy (SEM), and Atomic Force Microscopy (AFM). Figure 

1a shows the TEM image of the N-CNT sample synthesized using the CVD method 
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at 700 °C from a heptanol/acetonitrile precursor mixture under an N2/H2 gas 

atmosphere. The TEM image (Figure 4.1a) shows that all the nanotubes exhibit the 

bamboo structure morphology associated with nitrogen incorporation in carbon 

nanotubes [26]. The diameter of the N-CNTs ranges from 15-40 nm. Figure 4.1b 

shows a SEM image of an N-CNT film transferred on to a silicon oxide substrate 

showing only N-CNTs. This was also confirmed by AFM imaging of the same film 

(Figure 4.1c). The procedure used in this study allowed us to obtain N-CNTs with 

uniform and small diameters, good tubular morphology and smooth walls. 
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The chemical components and the N bonding configurations in the N-CNTs were 

investigated by X-ray photoelectron spectroscopy (XPS). The full XPS spectra of the 

N-CNTs show peaks at around 285.0, 401.0, and 531.0 eV which we attributed to the 

C1s, N1s, and O1s signals, respectively. Figure 4.2a-f shows the high resolution N1s 

XPS spectra of the N-CNT films annealed at 100, 200, 400, 600, and 800 oC under a 
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N2/H2 gas atmosphere. All the N-CNT films studied in this work were initially heated 

to 100 oC to drive off moisture introduced in the N-CNTs during the solution 

processing of the thin films. Four peaks at binding energies of 407.8, 404.8, 402.0 and 

400.3 eV were observed on the high resolution N1s spectra of the films annealed at 

100 oC (Figure 4.2a). The peak at 407.8 eV is not usually found in N doped carbon 

materials. The N1s peak at 407.8 eV is the hallmark of nitrate like species [27]. This 

peak originates from the residual nitro cellulose-containing mixed ester membrane 

material filter used during the N-CNT film deposition step. We assigned the peak at 

404.0 eV to the molecular N species [28] contained inside the containers formed by 

the bamboo compartments in the N-CNTs [29]. The smaller peak at 402.0 eV shows 

the presence of pyridinic-N-oxide in the material [30,31]. The pyridinic-N-oxide 

species is not stable in the carbon material, but considering that the N-CNTs were 

formed from an O containing precursor material and at a low temperature of 700 oC, 

it appears that some pyridinic-N-oxide species were incorporated in the N-CNT 

material [32]. The peak at 400.3 eV is assigned to the pyrrolic N species [33].�

Pyrrolic nitrogen is nitrogen positioned out of the benzene ring of the graphitic 

structure; this is usually incorporated in a more amorphous carbon material. The 

pyrrolic N peak at 400.3 eV is broad with a FWHM of 4 eV, this is evidence of other 

N species which appear near that binding energy in smaller amounts like quaternary 

N at 401.0 eV [34], and pyridinic N above 398.1 eV [19].   

We further annealed all the films at 200 °C to drive off the remaining nitro cellulose-

containing mixed ester membrane residues [35]. After annealing at 200 °C, the 

nitrate-like N peak at 407.8 eV disappeared (Figure 4.2b). From this, we concluded 

that the N found at 407.8 eV does not form any C-N bonds with the carbon material 

in the N-CNT structure. The pyridinic-N-oxide species is not stable in carbon 

materials and upon annealing at 200 °C under a H2/N2 gas atmosphere it disappeared. 

This was accompanied by the appearance of a small pyridinic N peak at 398.2 eV 

(Figure 4.2a-b). Pyridinic-N-oxide was reduced to pyridinic N upon annealing at 200 

°C. No changes were noticed in the pyrrolic N peak at 400.1 eV.  
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The intensity of the pyridinic N peak at 398.1 eV increased on the N-CNT film 

sample which was annealed at 400 oC (Figure 4.2c). This was accompanied by the 

sharpening of the pyrrolic N peak at 400.6 eV as shown by a decrease in the FWHM 

of the pyrrolic N peak from 4 eV to 3 eV. The sharpening of the pyrrolic N peak 

(400.6 eV) and an accompanying increase in the intensity of the pyridinic N peak 

shows that, indeed some of the pyrrolic N was converted to pyridinic N. The thermal 

annealing at 400 oC under a N2/H2 gas environment enables condensation reactions to 

take place in the N-CNT structure.  

At 600 oC the pyrolic peak at 400.6 eV completely disappears (Figure 4.2d). A new 

peak appears at 401.0 eV. The peak at 401.0 eV is assigned to a quaternary type N. 

The pyridinic N concentration decreased after annealing at 600 oC, i.e. some pyridinic 

N was converted to quaternary N and some was lost as N2. This is supported by the 

accompanying decrease in the total N content in the N-CNT material. On annealing at 

600 oC under a N2/H2 gas environment, condensation reactions take place in the N-

CNT structure forming both pyridinic N and quaternary N structures from the pyrrolic 

N. Also, condensation reactions of the pyridinic N structures to form quaternary N 

take place. 
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Other than the sharpening of the quaternary N peak and the pyridinic N peak in the 

N1s spectrum, no further changes in N species were noticed when the material was 

annealed at 800 oC (Figure 4.2e). The FWHM of the quaternary N peak at 401.0 eV 

reduces from 3 eV for material annealed at 600 oC to 2.0 eV indicating that the 

remaining pyrrolic N converts totally to pyridinic and quaternary N.  
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Figure 4.3 shows in summary the changes in the peaks and peak position that occur 

on annealing the N-CNTs at temperatures ranging from 100 oC to 800 oC. Figure 4.4 

shows the structures of the carbon matrix containing different types of N species and 
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the changes which take place as the matrix is annealed. The pyrrolic N and the 

pyridinic N appear on the edges of the graphene matrix or on defect sites within the 

graphene matrix. The quaternary N appears in the graphene matrix of the N-CNT 

material. As discussed before the changes in the N structures become apparent after 

annealing at temperature of 400 oC and above. The pyrrolic N structures on the edges 

of the graphene matrix condense to form pyridinic N on annealing. The pyridinic N 

structures found on the defect sites within the graphene matrix also condense to form 

the quaternary N species on annealing at 600 oC. This explains why the amount of 

pyridinic N show a decrease in the N-CNT material annealed at above 600 oC. 

Condensation reactions which incorporate N structures like pyridinic N and 

quaternary N, on annealing, take place with the help of O containing functional 

groups which give water and ammonia as leaving groups [19, 36]. In our case these 

were present since in the N-CNT material was synthesized using heptanol, an O 

containing precursor which helps in functionalizing the material during synthesis 

[37]. 
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The N concentration calculated from N/ (N+C) at. % was found to decrease with 

annealing temperatures as shown in Table 4.1. Changes in the concentration of the 

different N structures are also shown. This result indicates that most of the nitrogen is 

lost on annealing between 600 oC and 800 oC where quaternary N structures are 
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formed. During the condensation reactions at 600 oC some of the pyrrolic N and the 

pyridinic N structures are lost as N2 and gaseous N oxides. �
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Annealing 
Temperature (oC) 

Total N 
(%) 

Pyridinic-N- 
Oxide (%) 

Pyrrolic N 
(%) 

Pyridinic N 
(%) 

Quaternary N 
(%) 

100 1.55 0.18 1.37 - - 

200 1.50 - 1.31 0.19 - 

400 1.47 - 1.17 0.30 - 

600 1.30 - - 0.29 1.01 

800 1.17 - - 0.20 0.97 

 

Raman spectroscopy was used to study the changes in the graphitic structure of the N-

CNTs after annealing. Figure 4.5 shows the Raman spectra of all the N-CNT films 

studied in this work showing the disorder induced D bands and the G bands which 

arises from the sp2 carbon networks of the CNT structure [38]. Analysis of the Raman 

spectra (Figure 4.6) showed that there is a general decrease in the� ID/IG ratio from 

0.99 in the films annealed at 100 oC to 0.92 for the films annealed at 800 oC. The 

percentage change in the ID/IG between the films annealed at 100 oC and those 

annealed at 800 oC is only 7%. The small change in the ID/IG signifies some slight 

improvement in the graphitic structure of the N-CNTs on annealing. However the 

changes are very small, showing that the graphitic structure of the N-CNTs after 

treatment remained largely the same. Some N-CNT materials synthesized at different 

temperatures showing similar changes in N show much larger changes in ID/IG [19]. 

This shows that our method of starting with the pyrrolic N structures in the N-CNT 

material and inducing changes by annealing at temperatures below 1000 oC,  can 
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result in the formation of the more attractive and stable N forms whilst leaving the 

graphitic structure of the material greatly unchanged. 
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In this contribution we have shown that it is possible to change the type of N in N-

CNT materials by annealing. The pyrrolic N structures are converted to the more 

stable pyridinic N and quaternary N structures. This research part has evidenced that 

the N forms in N-CNTs can be changed after the N-CNTs have already been formed. 

This sustain that the properties of the N-CNTs with the same morphology but 

different amounts and forms of N can be investigated to evaluate the effect of amount 

and N forms in N-CNT material. 
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Graphene is an atomically thick material made of carbon atoms bonded together in a 

hexagonal lattice,   with extraordinary properties. These include large Young’s 

modulus (1,100 GPa)[1], high charge carrier mobility (�  200,000 cm2V/s)[2], high 

thermal conductivity (5,000 W/mK)[3], a large specific surface area (2,630 m2/g)[4] 

and an ultimate strength of 130 GPa.[1] Since its discovery in 2004, graphene 

application in proof-of-concept devices such as solar cells, transistors, sensors, 

ultracapacitors and touch screens has been demonstrated[5,6,7,8,9]. Low pressure 

chemical vapor deposition (LPCVD) of graphene on copper using methane and 

hydrogen is one of the most prominent methods in use for producing uniform, high 

quality and large area graphene in a reproducible way [10].  

The mechanism of graphene growth on copper has been widely studied and there 

appears to be an agreement that the synthesis of graphene by LPCVD on copper using 

methane and hydrogen is a self limiting process which results in the formation of 

monolayer graphene [11]. Graphene formation on copper follows a self-limiting 

chemical vapor deposition growth because of the low carbon solubility in copper (< 

0.0001 atomic %) [10]. The nucleation and growth of graphene is determined by 

supersaturation of active carbon species on the copper surface. Active carbon species 

originate from the decomposition of methane on the copper surface and/or in the gas 

phase depending on the growth temperature and methane concentration in the system. 

At a critical supersaturation point, nucleation of graphene is triggered, followed by 

aggregation of the active carbon species resulting in the growth of graphene into big 

graphene domains [12] The graphene growth only stops after the growing domains 

merge with other graphene domains growing from other nucleation sites [13]. After 
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complete copper catalyst coverage, interaction between methane and copper ceases 

because the monolayer graphene covers the entire copper surface. However, this 

mechanism only explains the growth of graphene on copper using carefully optimized 

methane concentrations.  Graphene growth using a high methane concentration or 

atmospheric pressure chemical vapor deposition (APCVD) is not a self limiting 

process and multilayer graphene is often produced [14]. When copper is exposed to a 

large concentration of methane and/ or when the reaction takes place at atmospheric 

pressure, it is possible that another critical supersatuaration point is exceeded 

resulting in nucleation and growth of a bilayer or multilayer graphene domain [13]. 

The number of layers in the multilayer graphene will thus depend on the 

concentration of methane used in the graphene growth process.  

To the best of our knowledge the above two mechanisms are the only ones which are 

used to explain the formation of single layer and multilayer graphene on copper. Here 

we report on the LPCVD growth of multilayer graphene using methane flow rates 

less than that required for monolayer or bilayer graphene growth. It is expected that 

low flow rates of methane will yield non-continuous patches of monolayer graphene 

even when there is a continuous supply of methane, as reported before [15]  

In this work we investigated the effect of time and methane concentration on the 

formation of graphene layers on copper. We propose a mechanism which explains 

how multilayer graphene can form using low flow methane systems. We explain this 

result using the kinetic processes occurring during the nucleation stage and 

subsequent graphene growth under low flow regimes and long methane exposure 

times.  Three flow regimes were investigated; low methane flow (5 sccm and 10 

sccm), medium methane flow (15 – 30 sccm) and high methane flow (40 and 80 

sccm). We made sure that the total amount of methane we passed over a Cu catalyst 

remained constant in each reaction in all the different flow regimes studied. This 

means that we kept Qt = k where Q is flow rate in sccm, t is time in minutes and k is a 

constant. We used optical imaging and Raman spectroscopy to evaluate the nature of 

the graphene produced under different flow regimes.  
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Graphene was synthesized by a chemical vapor deposition (CVD) method. Copper 

foil (25 µm thick, Alpha Aesar) was used as the catalyst in this study. A 1 cm × 2 cm 

copper foil was inserted into the centre of a cylindrical quartz tube reactor (22 cm × 

100 cm). The reactor was evacuated to 30 torr. A 7 % H2 in N2 (H2/N2) gas mixture 

(Air Gas, batch analyzed grade) was introduced into the reactor at 80 sccm whilst the 

vacuum was kept at 30 torr for a further 15 minutes. The reactor was then heated to 

995 °C at 10 °C per minute under vacuum. The reactor was held at 995 °C for a 

further 30 minutes after which methane gas (Air product, Ultrahigh purity) was also 

introduced at a flow rate Q and the reaction was allowed to continue for time t. Q and 

t were varied in such a way that Qt remained a constant. The methane flow was 

stopped and the reactor was cooled under the H2/N2 gas at 80 sccm.  

The graphene was transferred from the Cu foil onto a silicon substrate with a 300 nm 

silicon oxide layer (SiO2/Si). In summary, 5 mm × 5 mm copper foil squares were cut 

from the 1 cm × 2 cm copper foil catalyst used and poly(methyl methacrylate) 

(PMMA) (Mico Chem) was spin coated onto the surface of the copper square on a 

spin coater (3000 rpm). The copper was then etched away from the doped 

graphene/PMMA layers (3 hours) in a 1M solution of FeCl3 contained in a petri dish. 

After all the copper had been etched away, the graphene/PMMA was left floating in 

the FeCl3 solution and was then washed several times in a 1M solution of HCl, 

followed by washing in water. Lastly the graphene/PMMA was attached to a cleaned 

SiO2/Si substrate and was left to dry for 2 hours in air at ambient temperature. The 

PMMA was removed from the graphene by dissolving the PMMA in acetone. This 

was achieved by placing the PMMA/graphene on the SiO2/Si in a petri dish 

containing acetone which was left standing for 15 minutes. The acetone was decanted 

and replaced by fresh acetone, and the process was repeated 3 times. Lastly the 

graphene was washed in methanol (to ensure complete removal of PMMA/acetone 

residues) and left to dry in air at ambient conditions. 
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The doped and undoped graphene samples were characterized on SiO2/Si substrates 

unless otherwise stated. Optical images of the graphenes were recorded using an 

optical microscope. Raman spectra were measured on an InVia Raman microscope 

(Reinshaw) at an excitation wavelength of 514 nm. 
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Optical microscopy and Raman spectroscopy techniques were used to characterize the 

graphene materials synthesized under the different synthesis conditions. Important 

morphological features of the graphene materials grown under different conditions 

were revealed by optical images of the different graphene films transferred on to the 

SiO2/Si (Figure 5.1). Optical images of the graphene transferred on to SiO2/Si 

indicate  
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variation in film thickness. This was achieved by the change of colour contrast in the 

optical images, due to the light interference on the SiO2 layer modulated by the 

number of layers of the graphene [16]. The darker the colour of the Si/SiO2 substrate, 

the thicker the graphene is. The thickness of the graphene films ranges from 

monolayer graphene to multilayer graphene. Complete graphene coverage was 

realized in each of the reactions in all the graphene growth reactions studied in this 

work.  Raman analysis was used to ascertain the defect density, quality and variation 

in the thickness of graphene. A low intensity of the disorder-induced D band (� 1350 
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cm-1) was observed in all the graphene products indicating that all the products were 

of high quality and contained little sp3 carbon [17].�
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Figure 5.1a shows the optical image of graphene grown under an 80 sccm methane 

flow rate for 5 minutes. A uniform and continuous graphene film was produced, 

indicating that at the given flow rate and growth time, the conditions were suitable to 

complete the graphene coverage on the copper catalyst. The dark pink colour suggests 

a bilayer graphene film [16]. Raman spectroscopy of graphene grown using the fast 

flow regime suggested that high quality graphene was grown as indicated by the 

small intensity of the D band. Analysis of the Raman spectra obtained for the 

graphene gave an IG/I2D ratio between 0.63 and 0.86 which suggest that at least a 

double layer graphene was formed [18].  
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Figure 5.1b show the optical microscopy image of the graphene films synthesized 

under a methane flow rate of 30 sccm for 14 minutes. The film shows a uniform and 

continuous monolayer graphene film. The small D band in the Raman spectra of the 

graphene synthesized using methane flow rates between 20 sccm to 30 sccm suggest 

that high quality graphene was formed in all the different flow rates used in this 

regime. Analysis of the Raman spectra gave an IG/I2D ratio of between 0.43 and 0.36 

which suggest that monolayer graphene was produced [18]. This means that in our 

setup the methane flow rate in this flow-time regime gave good monolayer graphene 

formation.  
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Full coverage of continuous graphene was obtained on copper under the low flow 

regime as shown in the optical image of the graphene transferred on to SiO2/Si 

substrates (Figure 5.1c). Interestingly, the graphene films are dark pink, suggesting 
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that multilayer graphene was produced in this case. Analysis of the Raman spectra 

gave an IG/I2D intensity ratio > 1 which confirms that indeed, multilayer graphene was 

produced [18]. This is unusual because we would expect monolayer graphene to grow 

since even lower methane flow rates were used here as compared the other two flow 

regimes discussed earlier in which monolayer and bilayer graphene was formed. Of 

interest here is also the fact that the IG/I2D of the graphene produced at 10 sccm for 40 

minutes was 1.24 whilst that of graphene produces at 5 sccm for 80 minutes was 1.70. 

This suggest that the graphene synthesized using a 5 sccm flow rate had more 
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layers compared to the one synthesized at 10 sccm. The formation of multilayer 

graphene could be related to the extended times used in this flow regime.  

In the two studies before (section 5.3.1. and 5.3.2.) maximum exposure time for each 

flow regime were 12 and 27 minutes respectively. To check if extended growth times 

could form graphene of different thicknesses we ran three reactions one from each 

regime described above. Here, flow rates of 80 sccm, 30 sccm and 5 sccm were used 

for an extended time of 180 minutes. From the Raman data analysis (Figure 5.5) we 

found that, a double layer graphene in the reaction using 80 sccm, monolayer 
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graphene in the reaction using 30 sccm as expected and multilayer graphene in the 

reaction using 5 sccm methane flow rate were formed. The IG/I2D ratio of the 

graphene material synthesized using a 5 sccm flow rate was 2.3. This suggests that an 

even thicker film was formed compared to the one grown using the same flow rate for 

80 minutes. These results indicate a self limiting reaction mechanism for the fast flow 

and the medium flow systems but a different mechanism in which graphene 

continuously grow with time for the slow flow regime.  
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The reactions involving very low methane flow rates appear to follow a mechanism 

from a mechanism involving nucleation at a critical supersatuaration point followed 

by aggregation. A different mechanism is required to explain the formation of 

multilayer graphene at very low flow rates and a prolonged time. The rate of growth 

of graphene is limited because the rate of addition of carbon species to the nucleated 

graphene is slow [19]. Slow coverage of graphene on Cu results in the continuous 

addition of carbon on the exposed parts of the copper foil. In this slow CH4 regime it 

is difficult to reach the critical supersatuaration point so few nucleation sites are 

produced. Graphene growth is also limited because there is a low concentration of 
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active carbon species on the copper. Graphene coverage is thus slow leaving the 

copper surface exposed. This allows active carbon to diffuse on the copper surface to 

the areas covered by graphene. In this case graphene nucleation can occur under the 

graphene surface followed by aggregation to form bilayer and multilayer graphene. 
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We have shown that it is possible using LPCVD and copper catalyst to form graphene 

of different thickness and quality by varying the carbon supply rate and time of 

exposure. The differences in thickness arises from the difference in the kinetic 

processes during the nucleation stage and growth stages under different flow regimes. 

We have also shown, for the first time that it is possible to grow multilayer graphene 

using LPCVD on copper by reducing the carbon supply rate and performing the 

reaction over extended periods of time. The findings from this work are important 

because the formation of multilayer graphene obtained by LPCVD can be represented 

by a simple model. Also, a method to tune graphene to required thickness during 

growth in LPCVD is presented.  
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Since the discovery of atomically thick graphene in 2004 [1], it has been considered 

as one of the most promising candidate for future electronic devices due to its 

excellent electronic properties [2,3], and versatile application possibilities in 

transparent electronics [4 - 7] The absence of a band gap in graphene however limits 

its properties for application in electronic devices and reproducible practical 

procedures that open a band gap in graphene would widen its applicability. One way 

of achieving this is by doping [8]. Different methods to make doped graphene can 

introduce these modifications and tune the properties of graphene, to render graphene 

as a highly customizable material as has been achieved with carbon nanotubes [9]. 

Making graphene a hole conductor involves use of electron withdrawing dopants, 

whilst electron donating dopants are used to make it an electron conductor. Two types 

of graphene doping have been widely investigated, namely surface transfer doping 

[10] and chemical doping [11]. Doping has been achieved by the use of chemical 

species or an electric field [12]. The surface transfer doping methods have been used 

successfully to modify charge carriers in graphene but the shortcoming of the 

approach is that the doping is temporary and the doped graphene is difficult to 

integrate into functional devices. Permanent doping has been achieved in graphene by 

chemical doping using B for p-type graphene and N for n-type graphene [13]. A wide 

range of precursor materials have been reported to incorporate nitrogen or boron into 

graphene [14 - 17].  

 Several theoretical studies have shown that simultaneous incorporation of B and N 

in graphene is thermodynamically possible yielding small planar hexagonal boron 

nitride (h-BN) domains in graphene and most importantly  that this process achieves 
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band gap modulation in graphene [18,19]. The band gap opening in graphene, due to 

doping with  small BN domains, has been attributed to the breaking of localized 

symmetry [20]. The tunable electronic properties of graphene material containing BN 

makes this material likely to be useful in electronic devices, composites, energy 

conversion and storage [21]. Indeed, a CVD method has recently been used to grow 

BN doped graphene on a copper foil using Ar/H2, methane and ammonia borane 

gases [22]. This method produced graphene domains alloyed with discrete large BN 

domains. 

Here we demonstrate a facile, safe process for the chemical vapor deposition 

synthesis of BN doped graphene on copper using methane, boric acid powder and 

nitrogen gas. We show that that the B and the N are incorporated and that the N is 

bonded with the carbon within the graphene structure to make a continuous BN 

graphene material. Small units of BN in graphene, i.e. one B surrounded by three N 

and singly occurring hexagonal BN rings containing three B atoms and six N atoms 

are formed. Three of the N atoms in the hexagonal rings are also bonded to the carbon 

of the graphene. We provide a simple reproducible experimental method to synthesize 

large area graphene doped with small BN domains which can be used to make high 

quality BN doped graphene for possible applications in nanoelectronic devices. 
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BN doped graphene was synthesized by a chemical vapor deposition (CVD) method. 

Copper foil (25 µm thick, Alpha Aesar) was used as the catalyst in this study [23]. A 

1 cm × 2 cm copper foil was inserted into the centre of a cylindrical quartz tube 

reactor (22 cm × 100 cm). A copper envelope containing 300 mg boric acid powder 

was inserted into the quartz tube reactor 4 cm behind the copper foil as shown in 

Figure 6.1. The reactor was evacuated to 30 torr. A 7 % H2 in N2 (H2/N2) gas mixture 

(Air Gas, batch analyzed grade) was introduced into the reactor at 80 sccm whilst the 

vacuum was kept at 30 torr for a further 15 minutes. The reactor was then heated to 

995 oC under vacuum. The reactor was held at 995 oC for a further 30 minutes after 

which methane gas (Air product, Ultrahigh purity) was also introduced at 20 sccm. 
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The methane flow was stopped after 20 minutes and the reactor was cooled under the 

H2/N2 gas at 80 sccm. Numerous experiments were conducted to optimize the 

separation between the boric acid container and the copper foil catalyst.  
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The 4 cm separation distance was found to be the optimal distance for quality 

graphene growth to take place in the presence of a boric acid source. Methane (20 

sccm) and H2/N2 gas (80 sccm) without boric acid was also used to produce undoped 

graphene using the same procedure. The graphene was transfered onto a silicon 

substrate with a 300 nm silicon oxide layer (SiO2/Si) as reported in ref [23]. In 

summary, 5 mm × 5 mm copper foil squares were cut from the 1 cm × 2 cm copper 

foil catalyst used and poly(methyl methacrylate) (PMMA) (Mico Chem) was spin 

coated onto the surface of the copper square on a spin coater (3000 rpm). The copper 

was then etched away from the doped graphene/PMMA layers (3 hours) in a 1M 

solution of FeCl3 contained in a petri dish. After all the copper had been etched away, 

the graphene/PMMA was left floating in the FeCl3 solution and was then washed 

several times in a 1M solution of HCl, followed by washing in water. Lastly the 

graphene/PMMA was attached to a cleaned SiO2/Si substrate and was left to dry for 2 

hours in air at ambient temperature. The PMMA was removed from the graphene by 

dissolving the PMMA in acetone. This was achieved by placing the PMMA/graphene 

on the SiO2/Si in a petri dish containing acetone which was left standing for 15 

minutes. The acetone was decanted and replaced by fresh acetone, and the process 

was repeated 3 times. Lastly the graphene was washed in methanol (to ensure 

complete removal of PMMA/acetone residues) and left to dry in air. 
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The doped and undoped graphene samples were characterized on SiO2/Si substrates 

unless otherwise stated. Optical images of the graphenes were recorded using an 

optical microscope. Surface morphology and graphene thickness characterization 

studies were conducted by tapping-mode atomic force microscopy (AFM) using a 

(DI) Dimension 3100 from Veeco. Morphological characterization of the BN doped 

graphene was carried out on graphene transferred onto plain copper grids using a 

Technai G2 spirit TEM at 120 kV. Raman spectra were measured on an InVia Raman 

microscope (Reinshaw) at an excitation wavelength of 514 nm. X-ray photoelectron 

spectroscopy (XPS) measurements were perfomed with a Thermo Scientific K-Alpha 

spectrometer. All spectra were taken using an Al K�  microfocussed 

monochromatized source (1486.6 eV) with a resolution of 0.6 eV. The spot size was 

400 � m and the operating pressure was 5 x 10-9 Pa. 
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Figure 6.2a shows the optical image of the pristine graphene and Fig. 6.2b the optical 

image of BN doped graphene that was transferred onto SiO2/Si substrates. The 

images of both the undoped and the BN doped graphene reveals a large area, uniform 

and continuous material. The pristine graphene in Fig. 6.2a has a light pink colour 

while the BN doped graphene (Figure 6.2b) is dark pink in colour. The colour 

contrast suggests that the BN doped graphene could be a single or double layer 

graphene. Figure 6.2c and d show TEM images of a continuous BN doped graphene 

material on a plain Cu grid. The small dark spots observed are due to residual Cu 

particles; the holes are due to imperfections in the graphene layer which develop 

during the transfer process. AFM imaging data revealed a continuous film of BN 

doped graphene with wrinkles (Figure 6.2e) which resulted from the transfer process 

of the graphene onto the SiO2/Si substrate. The section analysis of the BN doped 

graphene shown in Figure 6.2e revealed a uniform material with a thickness of 

between 1.0-1.4 nm indicating that material was at most a double layer graphene [24]. 

In summary, both AFM and TEM analysis indicate that the BN doped graphene is 

uniform and large area (Figure 6. 2c-e). 
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Raman spectra of pristine and BN doped graphene were taken from five different 

regions of both the doped and undoped graphene samples. Fig. 6.3 compares the 

Raman spectra of one measurement from both the pristine and BN doped graphene. 

The Raman spectrum of pristine CVD graphene shows three peaks (1347, 1585 and at 

2686 cm-1) representing the D, G and the 2D bands, respectively (Table 6.1) [25]. 

Compared to the G and the 2D bands the D band has a very small intensity showing 

that the graphene is of high quality [25]. The ratio between the intensity of the G to 

the 2D band (IG/I2D) is ca. 0.3 which suggests that the graphene has properties similar 

to that of a single layer graphene [24]. The Raman spectrum of the BN doped 

graphene also showed three peaks (1341, 1589 and 2690 cm-1) again representing the 

D, G and the 2D bands respectively (Table 6.1). 
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The slight upshift of the G and 2D peaks of the doped graphene is associated with 

chemical doping into the graphene structure [26]. The D band of the doped graphene 

showed a slight downshift. The doping is further corroborated by a shoulder on the G 

peak, also known as the D* peak, observed at 1623 cm-1. This split in the G peak of 

graphene has been reported previously by several authors and has been attributed to 

localized symmetry breaking in graphene [27 - 29], as found in BN doped graphene 

[22]. The IG/I2D ratio of the BN doped graphene is 0.86, and the intensity of the 2D 

band is diminished in the BN doped graphene. 

*��
���	
�3��������/������������ ������������������ �����#$����������������������������
�����45����������������� . 

Raman Shift D (cm-1) G (cm-1) D*(cm-1) 2D (cm-1) 

Pristine Graphene 1347 1585 - 2686 

BN Graphene 1341 1589 1623 2690 
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XPS data were recorded on the pristine and BN doped graphene. All spectra were 

taken using an Al K�  microfocussed monochromatized source (1486.6 eV) with a 

resolution of 0.6 eV. The spot size was 400 � m and the operating pressure was 5 x 10-

9 Pa. XPS data for pristine graphene revealed the presence of C and a small amount of 

O (not shown). The doped graphene by contrast showed peaks in the 400, 190 and 

284 eV regions that correspond to N, B and C atoms, respectively (Fig.6.4). The 

atomic percentage of C, N and B in the sample was 98.0 %, 1.38 % and 0.62 % 

respectively. The atomic percentage of the N and B dopants could be increased, but 

this was accompanied by an increase in the oxygen content and poor quality of the 

BN doped graphene that was produced.   

Fig. 6.4a shows the N1s spectrum of BN doped graphene and reveals only a single 

peak at 399.8 eV. Since pure hexagonal boron nitride (h-BN) [30], and BN doped 

graphene with discrete domains of BN alloyed with graphene [22] give peaks at 398.1 

eV, these types of structures can be ruled out in this new material.  The peak at 399.8 

eV is close to, but different from, the reported XPS peak energy of ~ 401 eV for 

graphitic/quaternary N in graphene [31]. The N1s peak position lies more to the high 

binding energy of a C-N bond. This suggests that there are more C-N bonds around a 

single N compared to B-N bonds. This is possible in a case where N is bonded to one 

B atom and two C atoms. This data suggest that the BN is not in the form of discrete 

domains (Fig. 6.6c) but is part of the extended graphene structure in the form of small 

BN domains shown in Fig. 6.6a and b [20].    

The B1s profile shown in Fig. 6.4b suggests that several B species are present and 

incorporated within the doped graphene product. The three peaks at ca. 191.0, 188.7 

and 186.7 eV having different intensities indicate three B containing species with 

different concentrations. The large B1s peak at 191.0 eV can be associated with a 

boron atom linked to a nitrogen atom (BN structure) [32,33]. This is consistent with 

BN incorporation into graphene. The two boron species in lower concentrations, 

compared to the B in the BN, could correspond to BC3 at 188.7 eV [34,35] and to B4C 

at 186.7 eV [36]  suggesting that C-B bonds are also present in the new material. 

However B-C bonds are very few meaning that, under the reaction conditions we 
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have in this case, (methane, boric acid and nitrogen gas) B-N formation is more 

favourable than B-C formation.      

The C1s spectrum of the BN doped graphene (Fig. 6.4c) shows five peaks after 

deconvolution. The peak at 284.0 eV corresponds to sp2 hybridized carbon (graphitic 

carbon) from the undoped region of the graphene material [37]. The peak at 285.1eV 

can be associated with sp2 hybridized carbon bonded to nitrogen [38] and to carbon 

with defects [39]. The two peaks associated with sp2 hybridized carbon bonded to 

nitrogen and to carbon with defects overlap at 285.1 eV to form one peak. The peak at 

285.1 eV likely arises from graphene domain edges and defects. The smaller peak at 

lower binding energy (282.5 eV) can be associated with B-C bond formation.  The 

higher binding energy peaks at ca 286.6 and 289.1 eV are attributed to the formation 

of C-O bonds [40]. 
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Fig. 6.5 compares the C1s spectra of the pristine graphene with that of BN doped 

graphene. The C1s spectrum of pristine graphene has a more symmetrical shape and 

is very sharp when compared to the C1s spectra of the doped graphene. XPS analysis 

showed a downshift of 0.6 eV and broadening of the C1s peak after doping with BN. 

The downshift in the C1s peak in the doped material suggests that the material is a p-

type semiconductor as was observed in doped p-type semiconducting carbon 

nanotubes [41]. Experimental studies have shown that carbon films doped with both 

B and N exhibit p-type semiconducting behavior [42]. Ambipolar semiconducting 

behavior was reported in an h-BNC material which contained discrete domains of 

graphene and h-BN [21]. Analysis of the atomic composition of B and N atoms in our 

BN doped graphene showed that the B/N ratio was between 0.5-0.3, i.e., N was in 

excess in the graphene. This is possible because the N source in this reaction was 

nitrogen gas and this was in excess compared to the B from boric acid. 
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Fig. 6.6 shows three possible types of BN structures in the graphene matrix. Fig. 6.6a 

shows a BN species with a B/N ratio of 0.33 with Fig. 6.6b showing an h-BN 

structure with B/N ratio of 0.5. The B/N ratio expected for Fig. 6.6c, which shows 

larger BN domains is close to 1. The data hence suggest that small BN domains have 

been incorporated within the graphene matrix but not in large discrete BN domains. 
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We propose a mechanism for the formation of small BN domains within the extended 

graphene structure. Upon heating, H3BO3 in the copper container melts (171 oC) and 

volatilizes above 300 oC. The N2 carrier gas carries the H3BO3 to the copper foil 

(catalyst). Here the H3BO3 decomposes to form B2O3. Addition of CH4 at 995 oC 

results in the formation of reactive carbon species (equation 1) [43] Reaction of C 

with B2O3 on the copper catalyst surface generates B-C species. However in the 

presence of N2, the B-C species are stabilized and form BN species in the graphene 

matrix (equation 2). The two reactions shown in equations (1) and (2) take place on 

the copper surface. Reaction (2) is initiated by reaction (1). A similar mechanism has 

been used to explain the synthesis of BN doped single walled carbon nanotubes [44]. 

Formation of BN in a graphene oxide material using graphene oxide material and 

B2O3 required a temperature of 1500 oC [33]. In our case the reaction took place at 

995 oC using the inert N source, N2 gas. The reaction can also be performed at low 
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temperatures < 1000 oC if the more reactive NH3 replaces the inert N2 [43,45].  

 �� � � � � � � � 	 � � � � 
 � � � � � � � 	 ���  (1) 

� 	 
 � � � � � �� � � � � � � 	 ��� 
 �� � � � � ��
 � � �     (2) 
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��
In summary, we have synthesized large area graphene incorporating small BN species 

by a facile and safe process avoiding the use of boranes and ammonia. Raman 

analysis reveals formation of monolayer or (few layer) BN doped graphene. XPS 

revealed that several B bonding species were incorporated into graphene with the 

main product being the small BN domains. The N of the BN is bonded to carbon 

forming B-N-C systems, showing that we managed to grow continuous BN 

containing graphene in which BN species were incorporated in the graphene 

structure. This remarkable finding has led us to synthesize large area graphene 

incorporating small BN domains. The method is a simple one. Raman data revealed 

an additional D* band in the BN doped graphene that confirmed possible band gap 

opening by graphene symmetry breaking. The results presented here are highly 

relevant to the application of graphene in nano-optoelectronic devices. 
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Polymer based photovoltaic devices can be made using a coating process such as spin 

coating or inkjet printing, hence they are an attractive option for the inexpensive 

covering of large areas of flexible plastic surfaces. Poly (3-hexylthiophene) (P3HT) 

and 6,6-phenyl-C61 butyric acid methyl ester (PCBM) are the most commonly 

studied materials used in organic photovoltaic systems (OPVs) [1]. The incident 

photon-to-current efficiency (IPCE) in OPVs decreases with increase in light and this 

effect amplifies with area and sheet resistance of the indium doped tin oxide (ITO) 

electrode [2]. OPVs are more efficient when operating at low light intensities than at 

high light intensities. This means that most light is wasted at high light intensities. 

The resistive ITO contact causes a non-negligible voltage drop across the cell area, 

which in turn limits the photocurrent and gives a considerable decrease in the cell 

short circuit current density and fill factor (FF) [3]. The losses in IPCE increase with 

device area, and are a hindrance to up scaling. Substitution of ITO with a grid like 

metal electrode has been used to efficiently collect current and minimize the IPCE 

losses with increasing light intensity [4]. The use of carbon nanotubes (CNTs), a one 

dimensional material made from carbon, also holds promise to achieve this same end. 

This is because they are ballistic conductors [5], flexible and optically transparent [6]. 

CNTs can be made into thin film electrodes to replace the ITO electrode and this 

could make OPV fabrication completely solution prossesable offering a low cost 

alternative to the use of ITO [7]. The morphology of CNT films makes it an 

interpenetrating nanostructured electrode which is useful for efficient carrier 

injection/extraction at the active layer-electrode junction. CNTs could act as 
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acceptors and improve charge transport in the poly(3-hexyl)thiophene active layer. 

Many studies on incorporating carbon nanotubes in OPVs have been reported; 

however, in these studies the performance of carbon nanotube devices generally 

remains lower than that of their fullerene counterparts [8]. Although carbon 

nanotubes are only a few nanometers in diameter, they can be up to millimeters in 

length [9]. This is much larger than the thickness of an optimum active layer 

thickness in OPVs which should be restricted to a thickness less than 100 nm thick 

for optimum performance [10].  

An OPV device constructed with MWCNTs deposited on top of ITO produced a 

device with an enhanced short circuit current density compared to a device fabricated 

on plain ITO [11]. The enhanced short circuit current is attributed to efficient charge 

collection by the MWCNT network. We studied OPVs with the same structure and 

we observed the same trend and further analysis also showed that IPCE losses with 

increase in light intensity were minimized.  To the best of our knowledge this is the 

first time carbon nanotubes have been used to minimize the IPCE losses that are 

known to occur with increasing light intensities in OPVs. Here we report on our 

results showing that by placing an additional thin film of N-CNTs on top of ITO we 

have managed to minimize the IPCE losses of OPVs at high light intensities. 
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The N-CNT films transferred onto ITO substrates were prepared using the vacuum 

filtration and stamping methods discussed in chapter 4. N-CNT films of different 

thicknesses were fabricated by varying the amount of filtered material deposited on a 

nitro cellulose mixed ester membrane.  In summary 5 mL, 10 mL, 15 mL, 20 mL of 

the suspension was vacuum filtered through a 220 nm pore size, mixed cellulose ester 

membrane (Millipore), followed by washing of the membrane with copious quantities 

of deionized water to remove the surfactant. The films were transferred onto silicon 

substrates (Si) and on glass substrates for characterization. For characterization 5 mm 

x 5 mm films were used. The 5 mm x 5 mm film was cut out from the circular 
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membrane. To transfer the N-CNT film onto a Si substrate, a wet 5 mm x 5mm 

membrane was placed on to the Si substrate, with N-CNT side facing down. The 

assembly containing the filtered material was subsequently covered with clean porous 

paper and loaded with a 2 kg mass and allowed to dry for 3 hours at 80 oC on a 

hotplate. The N-CNT film (with the filtration membrane still attached) adhered to the 

different Si substrates. The mixed cellulose ester membrane was removed by 

dissolving polymer in 3 successive acetone baths followed by a final methanol bath 

and lastly in deionized water. The N-CNT films on Si were left to dry in air. The N-

CNT films were heated at 400 oC for two hours under a 7% H2 in N2 gas mixture 

(N2/H2) atmosphere. The same transfer method was used to transfer films with 

different thicknesses on to glass and ITO coated glass substrates. The N-CNT films 

were characterized by scanning electron microscopy FE-SEM, JEOL, JSM-600F, 10 

kV and by UV-Vis spectroscopy PerkinElmer Lambda 25 UV-vis spectrometer. 
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Photovoltaic devices were fabricated on clean patterned ITO coated glass substrates. 

N-CNT films were transferred on to patterned ITO glass using the method described 

above. Four types of OPV devices were made in this work. In the different devices 

PEDOT:PSS was spincoated on; (1) ITO, (2) 5 mL N-CNT film on ITO, (3) 10 mL 

N-CNT film on ITO, (4) 15 mL N-CNT film on ITO and (5) 20 mL N-CNT film on 

ITO. A 20 mg/mL active layer solution was prepared by dissolving P3HT and PCBM 

in chloroform followed by stirring for 3 hours on a magnetic stirrer (500 rpm). The 

solution was spincoated on the 5 prepared hole collecting electrodes using a 

spincoater (2000 rpm). The devices were annealed on a hotplate at 110 oC for 10 

minutes. The Al top electrodes were deposited by thermal evaporation in vacuum. 

The devices made in this work were of the structure shown in Figure 7.1. I-V 

characteristics were obtained under solar simulated AM 1.5 spectrum white light of 

different intensities at room temperature using an HP 4141 source measure unit. 
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Figure 7.2a shows an optical image of a 20 mL N-CNT film deposited on to a PET 

substrate. The image shows that the N-CNT films are large area and transparent. The 

films can be made as large as needed. Large area uniform films can thus be produced 

using this technique.  Figure 7.2(b-d) shows SEM images of three different samples 

(a), (b) and (c) that were prepared by filtering a volume of 5 mL, 10 mL and 15 mL of 

N-CNT dispersion, respectively, through a nitro cellulose mixed ester membrane. 

Several features are to be noted in these images. First, in these networks, each long 

thin object is a single N-CNT on the substrate surface and not bundles of single 

walled carbon nanotubes.12 Also from the images, thickness and coverage of the films 

can be varied by using different filtration volumes. Thin films can be obtained from 

small volumes and thicker films from larger volumes. We measured the transmittance 

of the thin films at �  = 550 nm. The transmittance decreased as the filtration volume 

increases (Figure 7.3). This filtration method has several advantages; (1) the 

homogeneity of the films is regulated by the process itself. Thus, if a certain area 

becomes too thick during filtration, permeation is reduced in that area and this allows 

the thin areas to grow in thickness. (2) The film thickness can be precisely regulated 

by the nanotube concentration and volume of the filtered suspension.   
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From the transmittance measurements we see that the film made using a 20 ml 

volume is only 50 % transparent making it unsuitable for use in a transparent 

electrode materials in OPVs. We decided to use films made from 15 mL, 10 mL and 5 

mL with transmittances of 64, 71 and 85%, respectively, relative to the ITO coated 

glass substrate.  
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Figure 7.4 and Table 7.1 show the J-V characteristics of the devices made in this 

work. The OPV fabricated directly on ITO only gave a Voc of 0.51 V and a Jsc of 3.89 

mA/cm2 under illumination with a 100 mW/cm2 light. The ITO modified with an N-

CNT film made by filtering a 5 mL dispersion showed a dramatic Jsc enhancement 

(4.87 mA/cm2) but the Voc (0.50) remained unchanged. A further increase in the 

thickness of the N-CNT film on ITO had a detrimental effect on the Jsc of the devices 

as indicated by Jsc values of 2.90 and 2.51 mA/cm2, for the 10 mL and 15 mL films 

respectively. The open circuit voltage was not affected significantly by the use of N-

CNT films on the ITO electrode. The N-CNT films have low transmittances which 

contribute to the low device yields. Shorting in the devices containing the thicker 

films made from the (10 mL and 15 mLN-CNT films) occurs since the films are more 

than 100 nm thick.13  
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The improvement in Jsc can be related to efficient harvesting of the generated 

excitons. The 5 mL N-CNT film showed a transmittance of 80 %, this means that if 

the current density is normalized this device would show an even better Jsc when 

compared to the bare ITO device. 

Figure 7.5 compares the Jsc, Voc, FF and IPCE measured under light of different 

intensities on the 4 different devices made in this work. Light dependence 

measurements can establish if the resulting current enhancement in a device is a result 

of efficient current collection at the electrodes or from some other effect. The open 

circuit voltage of all the devices increased with illumination (Figure 7.5a). Jsc of all 

the devices increased with illumination (Figure 7.5b). The increase in Jsc with 

illumination is almost linear in the device with N-CNT films deposited on the ITO 

electrode. This suggests efficient current collection on the N-CNT modified ITO 

electrodes.14 The fill factor of the devices generally increased with illumination. The 

FF peak maxima occurred at 50 mW/cm2 illumination for the ITO only device and the 

5 mL N-CNT modified ITO device. The FF increased continuously in the devices 

with thicker N-CNT films (10 mL and 15 mL), the maximum FF occurs at maximum 
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illumination (100 mW/cm2). This is related to the shading effect of the N-CNT films 

on the OPVs. 
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The most important result obtained in this work is the finding that an increase in 

efficiency of the solar cells with an N-CNT films modified ITO electrode with 

increased illumination is produced.  The IPCE of the bare ITO device shows a 

maximum (2.1 %) at 3 mW/cm2 light intensity, which decreased rapidly until a 

minimum of 1.0 % at maximum light intensity (100 mW/cm2). A different trend was 

observed with the N-CNT film modified ITO. The OPV device with a 5 mL N- CNT 

film on ITO showed an increase in efficiency with light intensity up to a maximum of 
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1.8 % at a light intensity of 20 mW/cm2. With an increase in light intensity the IPCE 

decreased slightly to 1.5 % at the maximum light intensity (100 mW/cm2). The 10 mL 

and 15 mL N-CNT films on ITO gave similar trends but the efficiencies were less 

than for the ITO only device. 
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Device Voc (V) Jsc (mA/cm2) FF � (%) 

Bare ITO 0.51 3.89 0.51 1.00 

5 mL N-CNT on ITO 0.50 4.87 0.52 1.26 

10 mL N-CNT on ITO 0.48 2.90 0.38 0.53 

15 mL N-CNT on ITO 0.49 2.51 0.43 0.54 

 

7.3. Conclusions 

We have observed that ITO electrodes modified with interpenetrating N-CNT films 

of the appropriate thickness can be used to reduce the efficiency losses that occur in 

organic solar cells with increase in light intensity. The N-CNTs improve charge 

collection on the ITO electrode and reduces the voltage drop on the ITO. Metallic N-

CNTs were used in this study. P-type B-CNTs could give an even better improvement 

in Jsc and further reduce IPCE losses at high light intensity. These results point to a 

need to further optimize the N-CNT film thickness and also try other doped carbon 

nanotubes.�
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The role of CNTs in organic photovoltaic devices (OPVs) is not yet fully understood. 

For instance it is thought that they can enhance the charge carrier collection, in a bulk 

heterojunction solar cell containing a polymer – fullerene active layer, e.g., P3HT: 

PCBM [1]. However, the efficiencies obtained to date for such types of solar cells 

remain below that of polymer-fullerene solar cells that have just entered commercial 

manufacturing [1]. The reasons for the reduction in efficiency when CNTs are 

incorporated include shorting between electrodes, lack of clarity on the nature of the 

synthesized CNTs, i.e., whether they are metallic or semiconducting, and whether 

they are n- or p- type.  

Whilst the diameters of carbon nanotubes range from 1 nm to 100 nm, the length of 

carbon nanotubes is usually > 200 nm, which is longer than the active layer of the 

OPVs. It is possible for CNTs to be in contact with both the aluminium electrode and 

the ITO electrode which leads to short circuits [2,3,4]. A method that can be used to 

avoid shorting is by incorporating only small amounts of CNTs in the bulk 

heterojunction active layer. However, the amount of CNTs that can be used might not 

be sufficient to effect any significant improvement in OPVs [5].  For optimum 

performance it has been suggested that between 1 and 2% CNT (wt/wt) should be 

incorporated in the polymer matrix [6]. This is already large enough amount to cause 

shorting in the solar cell but the effect will be dependent on the length of the CNTs. 

Shorting could also be avoided by incorporating CNTs at strategic places in the 

organic solar cell. Figure 8.1 shows the different parts of an OPV device in which 

CNTs can be placed. Incorporating CNTs on top of the ITO and on top of the 
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PEDOT:PSS layers has an enhancement effect on the incident photon-to-current 

efficiency (IPCE) of an OPV device (Figure 8.1, device 2 and 3) [1]. This is because 

the CNT nanostructures on the electrodes behaves as a 3D electrode and enhances 

hole collection at the anode. On the other hand addition of a CNT layer on top of the 

active layer but below the aluminium electrode results in low device IPCE because 

the work function of the metallic CNT matches that of PEDOT:PSS resulting in a 

negligible electric field effect (Figure 8.1, device 5). Strong electric field effect is 

required to drive flow of charged to the different electrodes [7].  
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The incorporation of CNTs in the bulk heterojunction active layer blend (Figure 8.1, 

device 4) in most cases results in low IPCE in the OPVs [1] Shorting caused by the 

long CNTs as well as the metallic behavior of CNTs contribute to this. A solution to 

the shorting problem could be to modify the CNTs from the metallic behavior to 

become semiconducting. Nitrogen doped carbon nanotubes (N-CNTs) can be made n-

type if quaternary type N is incorporated [8]. The use of n-type N-CNTs in the 

P3HT:PCBM to enhance charge carrier transport to electrodes is likely to produce 

OPVs with better IPCE. Indeed, N-CNTs have been used as selective transport media 

in OPVs to transport electrons from the active layer to the aluminium cathode 

resulting in an enhanced Jsc and IPCE [3,6]. However shorting is still possible in these 

devices since N-CNTs can protrude through the bulk heterojunction active layer to 

both the aluminium and ITO electrodes. A device fabrication procedure to make 
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OPVs with configurations which minimize the possibilities of shorting in the 

P3HT:PCBM:N-CNT bulk heterojunction active layer is required. Herein we report 

on a procedure involving the spin-coating of two active layers; (P3HT:PCBM 

spincoated on top of a graphene oxide (GO) hole transport layer followed by a 

P3HT:PCBM:N-CNT layer) to produce novel solar cell devices. This was done to try 

and ensure that N-CNTs were only in contact with the Al electrode thus minimizing 

shorting. 
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Photovoltaic devices were fabricated on clean patterned ITO coated glass substrates.�

GO was supplied by GraphenEx. The GO from graphenEx was obtained from 

purified natural graphite powder (SP-1, Bay Carbon) using the modified Hummers 

method) [9] Spin-coating was used to deposit the Graphene oxide hole transport layer 

(GO HTL) on the patterned ITO substrates (2000 rpm for 60 second). Four OPV 

devices with the following configuration were made in this work (1) 

ITO/GO/P3HT:PCBM/N-CNT/Al, (2) ITO/GO/P3HT:PCBM:N-CNT/Al, (3) 

ITO/GO/P3HT:PCBM/P3HT:PCBM:N-CNT/Al and (4) ITO/GO/P3HT:PCBM/Al. 

Three active layer solutions were prepared by stirring the respective mixtures on a 

magnetic stirrer (500 rpm) for 3 hours; (1) 20 mg/ml of 50:50 (wt:wt) of P3HT and 

PCBM, (2) 20 mg/mL of 49.5:49.5:1 of P3HT, PCBM and N-CNTs, respectively, and 

(3) 10 mg/mL of 33:66:1 P3HT, PCBM and N-CNT, respectively. The 

ITO/GO/P3HT:PCBM/N-CNT/Al device was made by spincoating solution 1 on top 

of the GO layer at 2000 rpm for 1 minute followed by spin-coating on top of this 

layer an N-CNT solution. The ITO/GO/P3HT:PCBM:N-CNT/Al device was made by 

spin-coating solution 2 on top of the GO layer. The 

ITO/GO/P3HT:PCBM/P3HT:PCBM:N-CNT/Al device was made by spin-coating 

solution 1 on top of  the GO layer followed by spin-coating solution 3. The control 

ITO/GO/P3HT:PCBM/Al device was made by spin-coating solution 1 on the GO 

layer. Lastly the Al top electrodes were deposited by thermal evaporation in vacuum. 

The current – voltage (I-V) characteristics of the devices were obtained under solar 

simulated AM 1.5 spectrum white light (100 mW/cm2) at room temperature using an 
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HP 4141 source measure unit. A Chemat Technology Spin-coater KW-4A spin-coater 

and a Newport Solar simulator were used. All chemicals were obtained from Sigma 

Aldrich.  
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Figure 8.2 shows the current density - voltage (J–V) plots of the three devices 

incorporating N-CNTs in different configurations in the bulk heterojunction OPV and 

a control device that did not contain N-CNTs. 
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The J – V characteristics do not show the diode behavior that was shown by devices 

in the previous chapter as expected for such devices. The S shape in the J – V 

characteristics is related to energy barriers causing a redistribution of the electric field 

and charge carrier density gradients. The average short circuit current density (Jsc), 
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open-circuit voltage (Voc), fill factor (FF),and PCE values for each device are 

summarized in Table 8.1. The ITO/ GO/ P3HT:PCBM/ N-CNT/ Al device shows a 

low Voc of 0.36 V and a Jsc of 0.55 mA/cm2. The N-CNT layer disrupts the electric 

field effect which is created by the difference in the work function of GO and the 

work function of Al. As a result the device has a negligible electric field effect which 

leads to a similar current in forward and reverse bias and a small Voc [10]. 
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Device Voc 

(V) 

Jsc 

mA/cm2 

FF 

(%) 

�  (%) 

ITO/ GO/ P3HT:PCBM/ N-CNT/ Al  0.36 0.55 26.7 0.05 

ITO/ GO/ P3HT:PCBM:N-CNT/ Al  0.27 1.67 29.1 0.13 

ITO/ GO/ P3HT:PCBM/ P3HT:PCBM:N-

CNT/ Al  

0.55 2.31 38.1 0.39 

ITO/ GO/ P3HT:PCBM/ Al  0.51 2.76 34.1 0.48 

A similar current in the forward and reverse bias results in a small Jsc. The device 

incorporating N-CNTs in the normal bulk heterojunction (ITO/GO/P3HT:PCBM:N-

CNT/Al) has poor J-V parameters because the N-CNTs in the active layer leads to 

short circuiting. The N-CNTs used in this work are long (> 500 nm), it is possible that 

they can protrude from the active layer and touch both electrodes causing shorts in the 

device. On the other hand, the device with an active layer containing N-CNTs in the 

bulk heterojunction close to the Al has the best performance when compared to all the 

devices containing N-CNTs. However the JSC, FF and IPCE of this device is still 

lower than the performance of the P3HT:PCBM only device. Only the Voc of the ITO/ 

GO/ P3HT:PCBM/P3HT:PCBM:N-CNT/Al device was higher than the Voc of the 

P3HT:PCBM only device. An enhanced Voc in OPV devices incorporating CNTs is 

attributed to reduced recombination losses [11]. The 1D nature and semiconducting 

nature of N-CNTs is expected to reduce the recombination pathways for electrons. 

The ITO/GO/P3HT:PCBM/P3HT:PCBM:N-CNT/Al device demonstrated the 
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existence of a photocurrent at above the bias of 0.55 V, whereas the control device 

(ITO/ GO/ P3HT:PCBM/ Al) does not  (Figure 8.2). Incorporation of N-CNTs using 

this procedure is promising and requires further optimization.  

In this work we used a procedure to strategically incorporate N-CNTs in a 

P3HT:PCBM bulk heterojunction in a device configuration  which minimizes the 

possibility of shorting. The active layer was spin-coated twice in the following order; 

(1) P3HT:PCBM layer deposited from a 20 mg/mL solution of a 50:50 P3HT and 

PCBM mixture in chloroform and (2) P3HT:PCBM:N-CNT layer deposited from 10 

mg/mL solution of  a 33:66:1 P3HT, PCBM and N-CNT mixture in chloroform. The 

concentration differences enabled the final composite film to have a concentration 

gradient. The concentration of P3HT increased towards the GO layer whilst the 

PCBM and N-CNT concentration increased towards the Al electrode (Figure 8.3). 

This configuration if well optimized it should enhance the electric field generated by 

the opposite GO and Al. This configuration will enhance the Jsc in an optimized 

device leading to better IPCE. 
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In conclusion, we employed a novel fabrication technique to incorporate N-CNTs into 

the bulk heterojunction active layer of a P3HT:PCBM OPV device. This technique 
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results in a configuration with a concentration gradient of P3HT and PCBM:N-CNT 

from the ITO and Al electrodes respectively. The resulting effect on the J – V 

parameters is promising and requires further optimization. There is still room for 

improvement of solar cells incorporating N-CNTs from a materials synthesis as well 

as from device design and optimization approaches. 

������
����
���������������������������������������� �������������������
1 Chen W, Xu T, He F, Wang W, Wang C, Strzalka J, et al. Hierarchical 
nanomorphologies promote exciton dissociation in polymer/fullerene bulk 
heterojunction solar cells. Nano lett. 2011; 11(9): 3707-3713. 
 
2 Li C, Chen Y, Wang Y, Iqbal Z, Chhowalla M, and Mitra S.  A fullerene–single 
wall carbon nanotube complex for polymer bulk heterojunction photovoltaic cells. J. 
Mater. Chem. 2007; 17(23): 2406-2411. 
 
3 Lu L, Xu T, Chen W, Lee JM, Luo Z, Jung IH, et al. The Role of N-Doped 
Multiwall Carbon Nanotubes in Achieving Highly Efficient Polymer Bulk 
Heterojunction Solar Cells. Nano lett. 2013; 13(6): 2365-2369. 
 
4 Romero DB, Carrard M, De Heer W and Zuppiroli L. A carbon nanotube/organic 
semiconducting polymer heterojunction. Adv. Mater 1996; 8(11): 899-902. 
 
5 Hatton RA, Miller AJ and Silva SRP. Carbon nanotubes: a multi-functional material 
for organic optoelectronics. J. Mater. Chem. 2008;,18(11): 1183-1192. 
 
6 Lee JM, Park JS, Lee SH, Kim H, Yoo S, and Kim SO. Selective Electron�or 
Hole�Transport Enhancement in Bulk�Heterojunction Organic Solar Cells with N�or 
B�Doped Carbon Nanotubes. Adv. Mater. 2011;23(5): 629-633. 
 
7 Hoppe H and Sariciftci NS. Organic solar cells: An overview. J. Mater. Res. 
2004; 19(07): 1924-1945. 
 
8 Krsti�  V, Rikken GLJA, Bernier P, Roth S and Glerup M. Nitrogen doping of 
metallic single-walled carbon nanotubes: n-type conduction and dipole 
scattering. EPL. 2007; 77(3): 37001. 
 
9 Hirata M, Gotou T, Horiuchi S, Fujiwara M, and Ohba M. Thin-film particles of 
graphite oxide 1:: High-yield synthesis and flexibility of the particles. Carbon 
2004; 42(14): 2929-2937. 
 



��.��� � � � � �
�

���������������������������������������� ���������������������������������������� ���������������������������������������� ���������������������������������������� ������
10 Chaudhary  S, Lu H, Müller AM, Bardeen CJ and Ozkan M.  Hierarchical 
placement and associated optoelectronic impact of carbon nanotubes in polymer-
fullerene solar cells. Nano lett. 2007; 7(7): 1973-1979. 
 
11 Wienk MM, Kroon JM, Verhees WJ, Knol J, Hummelen JC, van Hal PA and 
Janssen RA. Efficient methano [70] fullerene/MDMO�PPV bulk heterojunction 
photovoltaic cells. Angew Chemie, 2003, 115(29), 3493-3497. 
�



������ � � � � �
�

��������	  �
��� ������ �	
������ 

� 
� ����� �	
�
��	�� �
��	� ���

���������� ���������	���������� �	�
���� ���������
���

������
�

	
�  �
���������
�
One problem affecting the poor performance of bulk-heterojunction (BHJ) organic 

photovoltaic devices (OPVs) is recombination of charge carriers before they reach the 

electrodes for collection. In a BHJ OPV, both the donor and acceptor are in contact 

with both the anode and the cathode and this increases the recombination rate. To 

reduce the detrimental effect of this, electron blocking layers are usually deposited on 

top of the transparent ITO electrode to block electrons from reaching this electrode. 

Thus p-type, wide band gap, inorganic materials such as V2O5 and MoO3 are vacuum 

deposited on the ITO electrode to act as electron blocking layers [1]. In order to 

reduce the cost of OPVs, low cost coating deposition methods are needed. As such, 

PEDOT:PSS is a popular hole transport material mostly used in OPVs [2]. This is 

because the material is water based and can easily be deposited on an electrode by 

spin-coating. One disadvantage of using PEDOT:PSS is that it is deposited from an 

acidic solution which leads to etching of the ITO electrode [3]. Etching of the ITO 

electrode makes it very resistive which affects current collection. Further, the etched 

indium can diffuse into the OPV active layer which has a degrading effect on the 

solar cell [4]. Solution processable graphene oxide (GO) has recently been used as a 

hole transport layer in OPVs and it has been shown to give comparable results to 

PEDOT:PSS [5]. However, device performance is very sensitive to thickness and 

uniformity of the graphene oxide films. Graphene oxide is obtained in a solution 

form. The GO concentration can be varied and is dependent on how it is made. This 

variable concentration affects the thickness of the deposited layers which is deposited 
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using either the vacuum filtration or spin-coating method. On the other hand, 

chemical vapor deposition produced graphene can be made with a large area and a 

controllable thickness (number of layers) [6]. However graphene is a purely metallic 

material so it is not useful as a hole transport layer [7]. Doping of graphene with 

heteroatoms like B and N is known to making the graphene p-type or n-type 

respectively [8]. Incorporation of BN in graphene is another way of opening a band 

gap in graphene and making it a p-type semiconductor [9]. Recently we made a BN 

doped graphene with 98% carbon and 2% BN (at. %). Since BN induces p-type 

behavior in graphene, we have used this material as a HTL in OPVs. An initial study 

investigated the incorporation of BN in large area CVD grown graphene and 

determined its applicability as a HTL in OPVs. 

In the second part of this work we studied the use of BN doped graphene in an 

inverted OPV. In an inverted OPV the ITO collects electrons and the metal contact 

collects holes [10]. This is different from a normal OPV where the ITO collects holes 

and the metal collects electrons. In most cases a high band gap material such as ZnO 

is deposited on the ITO electrode for efficient electron collection [11]. Advantages of 

this orientation of an OPV are that it allows the use of air stable metals like copper 

and gold with high work functions to be used [10]. Also, non vacuum coating 

techniques for the metal top electrodes are made possible, this is important because it 

reduces the cost of device fabrication [12]. Oxygen and moisture attack on the 

polymer can be minimized if a graphene based material is made the HTL in an 

inverted device because graphene if impermeable to air and moisture [13,14]. The BN 

doped graphene will then act as a HTL and simultaneously as a gas barrier material. 

The use of the BN doped graphene as a HTL will also avoid the use of PEDOT:PSS 

and minimizes corrosion of the ITO electrode. 
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Graphene and BN doped graphene were synthesized using the CVD method 

described earlier in chapter 5 and chapter 6. Graphene Oxide (GO) was supplied by 
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GraphenEx. The GO from GraphenEx was obtained from purified natural graphite 

powder (SP-1, Bay Carbon) using the modified Hummers method) [15].  
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Photovoltaic devices were fabricated on clean patterned ITO coated glass substrates. 

Graphene was transferred to a patterned ITO glass using the method described earlier 

(chapter 5 and 6). Spin-coating was used to deposit GO on the patterned ITO 

substrates. Six OPV devices with the following configuration were made in this work 

(1) ITO/P3HT:PCBM/Al, (2) ITO/PEDOT:PSS/P3HT:PCBM/Al, (3) 

ITO/GO/P3HT:PCBM/Al, (4) ITO/Graphene/P3HT:PCBM/Al, (5) ITO/BN 

graphene/P3HT:PCBM/Al and (6) ITO/P3HT:PCBM/BN graphene/Al. A 20 mg/ml 

active layer solution was prepared by dissolving P3HT and PCBM in chloroform 

followed by stirring for 3 hours. The solution was spincoated on the five prepared 

HTL electrodes at 2000 rpm for 1 minute. The Al top electrodes were deposited by 

thermal evaporation in vacuum. I-V characteristics were obtained under solar 

simulated AM 1.5 spectrum white light (100 mW/cm2) at room temperature using an 

HP 4141 source measure unit. A Chemat Technology Spin-coater KW-4A spin-coater 

and a Newport Solar simulator were used. All chemicals were obtained from Sigma 

Aldrich. 
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Figure 9.1a shows the current voltage plots of the devices containing different hole 

transport layers. The average short circuit current density (Jsc), open-circuit voltage 

(Voc), fill factor (FF), and power conversion efficiency values for each device are 

summarized in Table 1. The ITO only device exhibits a poor performance shown by 

an IPCE of 0.04%. The addition of a graphene film between ITO and the active layer 

resulted in a substantial increase in Jsc, Voc and FF leading to an increase in the PCE 

to 0.11 % from (0.04 %). At ambient conditions due to the presence of oxygen, 

graphene is p-type doped which explains why it works as an HTL in the OPV devices 

[7].  
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The use of BN doped graphene further improves the Jsc, Voc and FF which also 

results in a substantial increase of PCE to 0.37 %. This is a threefold increase in PCE 

when BN doped graphene in used instead of pristine graphene. BN doped graphene is 

a hybrid material containing sp2 carbons and small sp2 domains of hexagonal BN. 

Hexagonal boron nitride (h-BN) is an insulating material made from hexagonal rings 

of B and N as in graphene, with a work function of approximately 6 eV and a band 

gap close to  4.8 eV [16]. On the other hand graphene is a semi metal without a zero 

band gap and a work function of approximately 4.6 eV [17]. A mixture of the two 

materials has semiconducting properties and a useful band gap of around 3 eV can be 

obtained.  
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The resulting band gap is sensitive to the amount of the carbon and BN species in the 

hybrid material [18]. The graphene material used in this work contains approximately 

4% BN. From our earlier work in chapter 6 we saw that incorporating more than 2% 

BN resulted in an increase in the O content of the graphene [19]. Incorporation of O 

is ideal for a graphene material for use as an HTL because it further dopes the 

graphene p-type and increase the band gap as in the case of GO. Raman and XPS 
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evidence reported in chapter 6 showed that the graphene material changed from a 

semi metal to a p-type semiconducting material after doping. Doping of graphene 

with BN is likely to increase the work function of the graphene to approximately 4.8 

eV, which matches well the LUMO of P3HT and the workfunction of ITO to work as 

an HTL. The PCE of the BN doped graphene HTL device still falls below that of the 

devices with a GO HTL (0.48 %). Our BN doped graphene contains a small amount 

of BN (4%). This means that only a small band gap was opened and the material is 

only slightly p-type modified. For an effective HTL based on this material, a BN 

doped graphene material containing up to 50 % BN could be ideal. Increasing the 

amount of BN in graphene will result in non-conductive BN domains together with 

conducting graphene domains, resulting in a larger band gap. Indeed the synthesis of 

atomic layers of hybridized boron nitride and graphene domains has been reported 

elsewhere [20]. Use of BN doped graphene with a high BN content is expected to 

match or be better than that of a graphene oxide hole transport layer.  
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Device Voc (V) Jsc mA/cm2 FF (%)  �  (%) 

ITO  0.32 0.35 31.7 0.04 
PEDOT:PSS 0.51 3.89 50.6 1.00 

Graphene oxide 0.51 2.76 34.1 0.48 
Graphene 0.47 0.73 31.9 0.11 

BN Graphene 0.51 2.1 33.9 0.37 
 

The performance of a solar cell is sensitive to the thickness of graphene oxide HTL 

films [5]. The use of graphene oxide requires careful optimization to be consistently 

deposited as a continuous monolayer graphene film on a substrate. On the other hand 

graphene obtained from a CVD technique is usually generates a uniform monolayer 

and large area material [6]. The use of a graphene as an HTL will remove the need to 

use PEDOT:PSS. The resulting devices will be more stable in ambient conditions 

because graphene is neutral and does not corrode the ITO electrode as in the case 

when the acidic PEDOT:PSS is used. 
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Figure 9.2a shows the structure of an inverted OPV with ITO/P3HT:PCBM/BN 

graphene/Al  configuration. The band energy diagram of such an inverted device is 

shown in Figure 9.2b. An electron collecting layer is required in this device to allow 

only electrons to be collected at the ITO because since both electrons and holes can 

be collected at the ITO. An electron collecting layer was not used in this work 

because it should be noted that the purpose of these experiments was not to compare 

efficiency between normal OPVs and inverted OPVs but to show that inverted OPVs 

are more air stable when compared to the normal OPV devices. The graphene HTL in 

an inverted OPV should act as a protective layer which stops oxygen and moisture 

from attacking the P3HT material. 
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Figure 9.3a shows the current voltage plots of the normal OPV device with a BN 

doped graphene HTL and an inverted OPV with a BN doped graphene HTL. The 

average short circuit current density (Jsc) and open-circuit voltage (Voc) of each set of 

device on day one and after 14 days are summarized in Table 9.2. The normal OPV 

device performs three times better than the inverted OPV device (Figure 9.2a and 

table 9.2) on day 1. The poor performance of the inverted device relates to the 

absence of a required electron transport layer. The devices were left in air for 14 days 
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and J-V measurements were recorded for the same devices. After 14 days the normal 

device gave a Jsc of 0.015 mA/cm2 whilst the inverted device gave a Jsc of 0.169 

mA/cm2. The inverted device was now giving a better output as compared to the 

normal device. This means the inverted device is more stable in air compared to the 

normal devices. Graphene is a completely impermeable material; even helium cannot 

permeate through graphene [13]. This means that the inverted device is protected 

from oxygen and moisture which are the main causes of degradation. 
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Also it protects the active layer against the aluminium top electrode which is known 

to diffuse into the active layer and degrade the solar cell [4]. The graphene layer 

avoids any diffusion of aluminium in the active layer thus making it stable for a 

longer time. Graphene based HTL in inverted OPVs offers a great potential for a 

completely non vacuum OPV device fabrication which are air stable devices without 

the need for encapsulation. 
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Device Day 1 After 14 days 
Voc (V) Jsc (mA/cm2) Voc (V) Jsc (mA/cm2) 

Normal 0.51 1.6 0.35 0.0015 
Inverted 0.30 0.35 0.31 0.169 
�
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In summary large area BN doped graphene has been used as a hole transport layer in 

OPVs. An attempt to use BN doped graphene as a HTL and encapsulating material 

for package free OPVs in inverted OPVs showed that inverted devices are less 

efficient but more air stable when compared to the normal devices. There is room for 

optimizing the devices by increasing doping levels and interface engineering on the 

ITO electrode in the inverted device to match it with the HOMO of the PCBM. 
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·  1D carbon nanomaterials and 2D carbon nanomaterials can be synthesized 

using the chemical vapor deposition method. The nature of the catalyst used 

determines the dimensions of the nanomaterials produced. In this study 

supported iron nanoparticles were used to grow N-CNTs whilst a copper foil 

was used to grow graphene. The ID carbon nanotubes can also be made into a 

2D film using the vacuum filtration and stamping method. 
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·  CVD synthesis temperature and precursor materials containing different 

concentration of O can be used to control the amount and type of N which can 

be incorporated in an N-CNT material. However, changes in the morphology 

and graphitic structure of the N-CNT materials were noted. 

·  Heat treatment of already synthesized N-CNTs at temperatures above 400 oC 

but below 1000 oC changed the amount and type of N that is incorporated in 

the N-CNT material. This method of changing the amount and type of N in N-

CNTs does not affect the morphology of the material.�

��������  ��
��
�
	

·  LPCVD synthesis of graphene on a copper catalyst is indeed a self limiting 

process using carefully controlled methane concentrations/flow rates but at 

very low methane concentrations/flow rates multilayer graphene can be 

formed if extended growth times are used.�
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·  Small BN domains can be incorporated in graphene during CVD using boric 

acid, methane and nitrogen gas. The N of the BN is bonded to carbon forming 

B-N-C systems, showing that continuous BN containing graphene in which 

BN species were incorporated in the graphene structure was grown. �
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·  We have shown that ITO electrodes modified with interpenetrating N-CNT 

films of the appropriate thickness can be used to reduce the efficiency loses 

that occur in organic solar cells with increase in light intensity. This 

remarkable finding is a result of improved charge collection in the OPV at the 

ITO electrode. 
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·  Incorporating N-CNTs in the bulk heterojunction layer results in poor Jsc and 

Voc because of short circuiting. A method to minimize shorting by  spin-

coating a second active layer containing N-CNTs produced an OPV device 

giving a better Jsc. However, the JSC was still lower than that of the device 

which did not contain carbon nanotubes. The VOC of this device was higher 

than the one which did not contain carbon nanotubes. This is a promising 

result and if carefully optimized this type of device configuration can give a 

better power conversion performance. 
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·  BN doped graphene showed potential for use as a hole transport layer. 

However the performance of the device containing BN doped graphene as an 

HTL was poor when compared to the device with PEDOT:PSS or GO hole 

transport layers. When used in an inverted solar cell, very poor output was 

achieved but the device remains stable in air for longer times than the normal 

device.  
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·  The use of other O containing precursors with different structures like 
ketones, aldehydes, amides could be used in CVD synthesis to make N-CNTs 
to establish whether they have the same effect on the amount and type of 
nitrogen incorporated in N-CNTs. A way of changing the type and amount of 
N during synthesis without changing the morphology of the resulting N-CNTs 
is an important study. This could be achieved by introducing O from non 
carbon containing sources in the form of O2 or H2O during the CVD synthesis. 
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·  Carbon nanotube doped p-type materials could be used to modify the ITO 
electrode. This could lead to an even better charge collection by the modified 
electrode. The thickness of the carbon nanotube film of the ITO should be 
optimized. 
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·  Electrical characterization can be used to study the transfer characteristics of 
the BN doped graphene to evaluate how much of the band gap is opened. The 
BN doping level in graphene can be varied and corresponding increase in the 
band gap could be studied using electrical characterization techniques. This 
information could be used to select the best BN doped graphene material to be 
used as a hole transport layer in OPVs. 
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