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Abstract

This thesis examines for the first time, the integration of FeCl3 Intercalated Few

Layer Graphene (i-FLG) materials in energy harvesting devices. i-FLG has shown

excellent promise in the field of optoelectronic devices, such as photodetectors and

light emitting devices, thanks to its high charge carrier concentration (≈ 9×1014

cm−2), low sheet resistance (< 10 Ω/sq) and high transmittance (> 84%). However,

its integration into energy harvesting devices has not been previously explored. This

thesis introduces a novel method of scaling up the i-FLG manufacture from 1 cm2

to wafer scale (36 cm2). This involved the development of a method for transfer-

ring large areas of graphene from their growth substrate (Ni) to a glass substrate,

followed by the demonstration of large area functionalization of graphene by FeCl3

intercalation. Raman spectroscopy mapping of 300 µm × 300 µm areas is used to

calculate a metric (PosG), related to the frequency of the G band, by which the

level of intercalation in a sample can be assessed. Additional functionalization by

UV/Ozone treatment is also investigated and shown to improve surface wetting of

i-FLG films by the introduction of oxygen containing groups on the i-FLG surface.

This was used to improve the deposition of organic layers on i-FLG, and successfully

fabricate Organic Photovoltaic (OPV) devices from solution processed methods.

Two types of energy harvesting devices, OPV and Triboelectric Nanogenerators

(TENG), were fabricated as the first examples of energy harvesting devices with

i-FLG electrodes. i-FLG based OPV devices demonstrated superior device stability

under both continuous and periodic illumination, and comparable efficiencies to

commercially available Indium Tin Oxide (ITO) electrode based devices. i-FLG

TENG devices outperformed pristine graphene devices in terms of both their short
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circuit current and open circuit voltage response. This improvement is a direct

result of functionalization through intercalation with FeCl3. These results indicate

that i-FLG has potential advantages for use in energy harvesting devices compared

to alternative electrode materials. Further work with this material shows promise

in applications as a flexible electrode for use in flexible energy harvesting devices.
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University of Surrey, and adapted from his works (xy). The whole

setup is fixed to a metal plate which is bolted to the lab bench to

minimise vibrations during measurements. . . . . . . . . . . . . . . . 82
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4.1 Large area graphene transfer process, detailing the etching of the Ni

catalyst by FeCl3 solution, floating of the graphene film, replacement

of the FeCl3 solution with DI water and subsequent transfer of the

graphene to a clean glass substrate . . . . . . . . . . . . . . . . . . . 86

4.2 Images recorded during the etching and transfer procedure. a. Large

area graphene on Ni/Si/SiO2 growth substrate is mounted to the

custom built wedge. b. 1 M FeCl3 etchant solution is steadily pumped

into the bath around the wedge, etching the Ni as the level of the

solution rises. c. Once the etch is complete, the FeCl3 solution is

replaced by DI water by flooding the bath. d. Si/SiO2 substrate is

removed and replaced with a clean glass substrate. The pumps are

run in reverse to pump the DI water out of the bath, lowering the

level and beginning the transfer. e. Large area graphene transfer is

complete with no damage to the sample. . . . . . . . . . . . . . . . . 87

4.3 (Left) Image of a 4 inch wafer of Ni CVD grown graphene. (Right) 36

cm2 sample of i-FLG after transfer to a glass substrate and intercalation. 89

4.4 Raman spectra showing the shift in G peak caused by doping through

intercalation with FeCl3. The sub-peaks (G0, G1 and G2) are shown

here, fitted with three separate Lorentzian functions. . . . . . . . . . 93

4.5 PosG map constructed by the taking point spectra across a 30 µm×30

µm area and fitting the individual point spectra with Lorentzian func-

tions to determine the area weighted G-peak position. This allows the

observation of how intercalation varies across the sample and can be

correlated with changes in the sample by comparing the map to op-

tical images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
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4.6 Histograms of the PosG data taken pristine and intercalated samples,

detailing the distribution of PosG values collected in the map. The

PosG values for an unintercalated sample of pristine graphene illus-

trate the significance of doping by intercalation. Mean PosG values

for both sets of data are displayed above. . . . . . . . . . . . . . . . . 95

4.7 Effect of increasing zone 1 (intercalant) temperature on the degree of

sample intercalation as measured by the 〈PosG〉 metric. . . . . . . . . 95

4.8 Effect of intercalation on the sheet resistance of large area i-FLG

samples. A wide range of PosG values produce the same reduction in

sheet resistance, indicating only partial doping is required to achieve

this level of improvement to sheet resistance, and that the sheet re-

sistance of the samples may be limited by other factors. . . . . . . . . 97

4.9 Optical image (Left) and charge carrier concentration map (Right)

taken over a hole in an i-FLG sample. 4.9b shows a drop in charge

carrier concentration across the hole, indicating thinner regions in-

tercalate to a lesser degree. This is ascribed to be the cause of the

limited reduction in sheet resistance observed for wafer scale samples. 98

4.10 Optical microscopy images of intercalated graphene samples before

(a) and after (b and d) washing with hot IPA. While the IPA can

be shown to remove the majority of aggregates from ’dirty’ inter-

calations, small particles of FeCl3 as well as larger aglomerations of

particles are still present across the surface of the graphene film. a.

and b. are shown at ×20 magnification, c. is shown at ×50 magnifi-

cation. d. is a Scanning Electron Microscopy (SEM) image of FeCl3

aggregates at ×100 magnification. Scale bars are shown for all images.101
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4.11 Optical microscope images at 10 × magnification of FeCl3 aggregates

covering the surface of an i-FLG sample (a) and the same area of

graphene after HCl acid cleaning has been employed (b). 1 M HCl

acid was used for 1 hour before the graphene sample was removed.

While some small aggregates remain, the vast majority have been

removed in the cleaning process. Scale bars are shown on both images

(100 µm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.12 Histograms taken from Raman maps before and after washing with

1M HCl for 1 hour. Mean PosG values for each histogram are 1603

cm−1 and 1594 cm−1 before and after washing with HCl, respectively. 103

4.13 Transmission spectra for pristine and i-FLG samples fabricated in the

two different furnaces used for medium and large area intercalation

respectively. The dashed lines show 95% confidence limits, calculated

from the standard deviation for both sets of data. . . . . . . . . . . . 106

4.14 Data collected from SKPFM measurements. Top right shows a to-

pographical map of the same area as the top left, which shows the

surface potential as measured by SKPFM. Bottom left shows the WF

distributions for 5 samples of large area i-FLG. Bottom right plots

the 〈PosG〉 against the measured work function for the large area

samples (4” wafer) compared to small area samples (1 cm × 1 cm).

Error bars are calculated from Gaussian fits of the distributions. . . . 108
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4.15 Image of i-FLG sample patterned into a Hall bar with Cr/Au contacts

applied. Current is sourced in the vertical direction (x-direction) with

a magnetic field orientated out of the page (z-direction). The elec-

trons flowing along the graphene channel then experience a Lorentz

force, deflecting them transverse to the direction of current flow (y-

direction). This allows the measurement of the Hall voltage across

the graphene channel. On the right shows the Raman mapping of the

PosG value of the i-FLG channel, showing the sample to be interca-

lated with a mean PosG of 1599 cm−1. Scale bar shown in red at the

bottom left corner. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.16 Response of measured Hall resistance to applied magnetic field for

i-FLG Hall bar device. The gradient is equal to 1/ne where n is

the charge carrier concentration. The two sets of data are from two

sweeps taken with current flowing in forward and reverse directions

respectively. For each set of data the non-zero Hall voltage at zero

field is due to inhomogeneities in the sample. When the mean of both

data sets is taken, they give zero Hall voltage at zero field, shown by

the average fit. Results from characterising each Hall bar are shown

in the table above. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.1 Examples of poor PEDOT:PSS coverage on hydrophobic graphene

films, taken from three separate regions of the same sample. Optical

contrast shows thicker (darker) areas of PEDOT:PSS caused by un-

even wetting on the graphene surface. This introduces roughness into

the organic layers of OPV devices and can lead to reduced efficiencies

and device failures. 200 µm scale bars are shown on each of the images.116
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5.2 Effect of UV/ozone treatment on the wetting behaviour of water on

a hydrophobic graphene film, before (a) and after (b) treatment. Re-

sult of exposure on sheet resistance (c) and the contact angle (d) for

pristine FLG (blue) and FeCl3 intercalated FLG (red) for different

exposure times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.3 Surface roughness characterisation of PEDOT:PSS films on i-FLG

electrodes by AFM and SEM measurements. Image captions display

the UV/ozone treatment time prior to measurement. Multiple AFM
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µm. Scalebars are shown on all images. . . . . . . . . . . . . . . . . . 123

5.4 Variation in measured RMS roughness from AFM maps over 20, 50
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allowing the gradient of the profiles to be compared. . . . . . . . . . . 126
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5.6 D/G intensity maps for graphene samples exposed to UV/ozone for

different durations. Table shows mean D/G intensity ratios calculated

for the three different samples. Ozone treatment has little effect on

the D/G ratio after 4 minutes, but causes a significant increase after

12 minutes. 5.6d shows the optical image of the area mapped (inside

black box) after 12 minutes exposure. Relating the optical image to

the Raman map shows thicker (brighter) regions to have a much lower

D/G ratio than thinner (darker) regions . . . . . . . . . . . . . . . . 128
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6.4 a. Energy level diagram of OPV devices fabricated with i-FLG and
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Introduction

Over the last hundred years there has been an unprecedented surge in technological

development that has lead to dramatic improvements to almost every aspect of

society. People now live longer, experience greater social mobility, suffer lower rates

of illiteracy and infant mortality, and are better educated than any generation that

preceded them. However, the vast majority of the planet’s energy produced during

this time has been generated through the burning of fossil fuels [1], mostly in the

form of gas, oil or coal. These sources of energy have long been known to be key

contributors to greenhouse gas emissions. Thanks to the efforts of climate scientists,

we now have a greater understanding of the effect our means of energy production

has on the Earth’s climate, and the need for alternative means of fueling our energy

demands. Given that the population of the Earth is growing, so too is our need

for ever greater amounts of energy [2]. This increase in energy demand is what

is currently leading humanity towards what has been dubbed a “climate disaster”.

However, the prospect of this energy crisis has seen a renewed interest in alternative

means of energy production, namely renewable methods that exploit and harvest

energy from surrounding environment, such as mechanical energy, wind power, solar

energy, thermal energy and chemical energy. This thesis will focus on two specific

energy harvesting methods, solar energy harvesting through photovoltaic devices,

and mechanical energy harvesting through Triboelectric Nanogenerator (TENG)

devices.
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Photovoltaic technology in particular has seen an explosion of research over the

past decades, partly due to the discovery of new materials for photovoltaics and

partly due to how synonymous photovoltaics are with renewable energy harvesting.

Photovoltaic devices, also referred to as solar cells, produce energy by converting

sunlight into electrical energy. As such, they provide us with a source of practically

limitless energy, and an appealing solution to many of the energy concerns facing

humanity. However, they are not without drawbacks. Photovoltaic devices are ex-

pensive to manufacture and install in large scale projects, and tend to require the use

of scarce or toxic materials in their fabrication. There are many varieties of photo-

voltaic devices, the most popular in commercial use being silicon based photovoltaics

[3, 4]. Other photovoltaic technologies of interest include Hybrid Organic-Inorganic

Photovoltaics (HOPVs) such as Perovskite solar cells [5, 6, 7], Dye Sensitized So-

lar Cells (DSSCs) [1] and Organic Photovoltaics (OPVs) [8, 9, 10]. It is the latter

variety, OPVs, that will be the focus of much of the discussion in this work.

OPVs are made from organic materials, typically chemicals specifically synthe-

sized for use as active compounds in OPV technology. These materials are gener-

ally classed as either polymer or small molecule donors or acceptors (dependent on

whether they donate or accept electrons). Historically, these types of solar cells suffer

from very low Power Conversion Efficiencies (PCEs) [11] due to narrow absorption

bands [12] and low charge mobility [13] compared to other photovoltaic technologies.

However, recent developments in the field of OPV donor and acceptor synthesis has

lead to significant advancements being made, not only to OPVs but also to Or-

ganic Light Emitting Diodes (OLEDs). Where OPVs long had a target efficiency

of just 10% [14], less than half that of other photovoltaic technologies, their record

efficiency is now greater than 17% [15]. One of the most appealing advantages of

using OPVs for energy harvesting is their low cost. Compared to other photovoltaic

materials, the production of organic photovoltaic donor and acceptor compounds is

very cheap. In addition, unlike many other types of photovoltaic technology, OPV

devices are fabricated almost entirely through solution processable means[16]. This
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leads to a much lower device cost per area than other PV technologies such as Si

or Perovskite solar cells [17]. Therefore, the energy required to fabricate OPVs is

much less than for any other variety of photovoltaic technology. This gives OPVs

a reduced Energy Pay Back Time, i.e. the time required for an energy system to

generate the amount of energy equivalent to the amount that took to produce the

system.

Two main applications of OPV devices have been identified as potential industry

disruptors; namely their use as energy harvesting devices for Internet of Things

(IoT) applications and their use in semitransparent energy harvesting coatings for

buildings. The IoT is another concept that has seen great interest in recent years,

particularly with the developments made in the fields of artificial intelligence and

big data handling. The IoT is made up of multiple systems, each made up of many

sensors, receivers and transmitters, collecting data on whatever process the system

undertakes [18]. This data can then be analysed and used to make the system

run more efficiently, or to inform the operation of the system in another way. For

example, the first system connected in an IoT fashion was a vending machine that

was capable of monitoring the stocks of different consumable items stored inside,

and sending out a signal when it required restocking. This lowers the operation cost

as it reduces the amount of human interaction that is required.

The reason OPV technology is so appealing to use in IoT applications is that

it is a low cost means of energy harvesting, and crucially, it is inherently flexible.

The sensors, receivers and transmitters needed in IoT systems do not require large

amounts of power to run. However, in many cases, such as remote medical diag-

nostic devices, they are required to be flexible. The development of flexible energy

harvesting devices is a crucial field of research currently under much investigation.

Few energy harvesting devices can compete with OPVs at this stage, but despite

this OPVs are yet to see commercial success for two primary reasons. Firstly, other

photovoltaic technologies far surpass the efficiencies achievable by OPVs, leading

to greater research interest. Secondly, the vast majority of OPV, and photovoltaic
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devices in general, are fabricated using Indium Tin Oxide (ITO) electrodes. ITO is

a transparent electrode known for its high transmission (comparable to glass) and

very low sheet resistance. However, the use of ITO in OPV devices comes with

a number of drawbacks. ITO is extremely brittle, and quickly increases in sheet

resistance if bent. This makes the fabrication of flexible OPV devices with ITO

electrodes extremely difficult. Furthermore, ITO has been shown to contribute to

device degradation and instability due to the diffusion of Indium ions into the active

layers of the device [19], causing damage to the device and the ITO itself. Lastly,

ITO is fabricated through high temperature processes, and as such requires a lot of

energy to manufacture. This in turn increases the energy required in the fabrication

of the OPV device, to such an extent that over 80% of the total energy required to

fabricate the device is used in the fabrication of the ITO electrode [20]. This high-

lights the need for development of low cost, transparent electrodes for use in energy

harvesting devices. This will be the focus of the work presented in this thesis.

For an electrode to be suitable for use in flexible OPV applications, it requires

three key material properties: low sheet resistance, high transmission and flexibility

to mechanical deformation. Finding a material that possesses all of these qualities to

the required degree has long presented researchers with a challenge. However, a num-

ber of possible candidates are now known to scientists, each achieving different levels

of success. Some conductive polymers such as PEDOT:PSS [21, 22, 23], polypyrrole

(PPY) [24, 25] and polyaniline (PANI) [26, 27, 28] have shown excellent promise

for their flexibility. However, the sheet resistance of these polymers remains orders

of magnitude higher than other alternative electrodes, with PEDOT:PSS falling in

the range of 2 – 3000 kΩ/sq, PPY falling in the range of 2 – 10 kΩ/sq, and PANI

having a sheet resistance of around 600 Ω/sq – 600 kΩ/sq. Significant variation in

sheet resistance of polymer films is seen due to variation in film thickness, method

of film fabrication, sample crystallinity and substrate used. It is also common for

dopants or different polymer blends to be added to improve the sample conductivity,

however these have been avoided in the selection of data provided here.
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Metal nano-wire electrodes are another area of research currently under inves-

tigation for OPV energy harvesting applications. Such electrodes are made from

a metal film (typically copper, silver or gold) [29, 30, 31], that is been patterned

into a nano-wire mesh using lithographic techniques. While these electrodes have

excellent sheet resistance and transmittance, they are also costly to fabricate and

posses an inherent roughness that can negatively impact photovoltaic device perfor-

mance. Although this technology shows great promise, it is too early to determine

whether metal nano-wire electrodes will develop into a scalable technology due to

their expensive fabrication process.

Figure 1.1: Examples of OPV devices fabricated with graphene electrodes. Figures

reproduced from literature, a [36], b [35] (Reprinted with permission from ACS

Nano 2015, 9, 12, 12026–12034, Copyright 2015 American Chemical Society) and c

[37] (Reprinted with permission from Nano Lett. 2014, 14, 9, 5148–5154. Copyright

2014 American Chemical Society).

One material that has perhaps shown the most promise for use in energy harvest-

ing is graphene. Graphene is a single layer of carbon atoms, arranged in a hexagonal
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lattice, known for its impressive material properties and being the first of the new

family of 2D materials to be discovered [32, 33, 34]. Since its discovery, graphene

has been the focus of an unprecedented number of studies, with many researchers

investigating ways to integrate graphene into optoelectronic devices, with a strong

focus on energy harvesting devices such as solar cells. This is due to a number of

factors, graphene’s low sheet resistance (≈ 1 kΩ/sq) making it a fantastic conduc-

tor, it’s atomic thickness giving it excellent transmission across the visible range (≈

97% at 550 nm) [35], and it’s inherent flexibility [36]. These properties make it a

prime candidate for use as a transparent electrode in OPV devices, some examples

of which can be seen in figure 1.1 [37, 38, 39]. However, as time has progressed,

it has become apparent that integrating graphene into photovoltaic devices is more

difficult than first anticipated.

There are numerous examples of graphene being integrated into OPV devices

[40, 39, 41, 42]; with the most popular variety being single layer graphene grown on

Copper (Cu) by Chemical Vapour Deposition (CVD) [40, 43, 37]. These devices show

many appealing properties, such as their flexibility or low cost fabrication process

[44, 45]. However, graphene also has a number of properties that have hindered

progress in this field. Although graphene has a low sheet resistance, it remains

much higher than that of the current industry standard for transparent electrodes,

ITO. This causes device efficiencies to be lower than those of ITO based devices. In

addition, graphene’s hydrophobic surface makes it challenging to fabricate devices

that contain layers made from aqueous solutions, such as those used in the field

of organic optoelectronics [46]. However, these set-backs have lead to the field of

functionalized graphene research, which seeks to improve the material properties of

graphene through the chemical/physical modification of the graphene itself [47, 48,

49, 50, 51, 52, 53]. This has been shown to be effective with a large range of doping

methods and chemicals. One such method is that of intercalation, a process by

which a chemical/atom is inserted between the planes of a layered material [54, 55].

This thesis will focus on the role of FeCl3 intercalated Few Layer Graphene (i-FLG)
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as a transparent electrode for use in energy harvesting systems.

Many strategies have been used to dope graphene in an effort to improve its ma-

terial properties. Surface chemical functionalization [56], chemical doping [57], and

physical doping [58] have all been shown as effective methods of lowering the sheet

resistance of graphene. However, intercalation with species such as FeCl3 have a

number of advantages over other methods of doping, such as there being no covalent

bonds formed with the graphene [59], the high level of doping achievable [58, 60],

and the stability of the i-FLG to temperature and humidity[61]. This highly doped

form of i-FLG has a number of properties that make it more appealing to use as

an electrode for energy harvesting applications than pristine graphene. Firstly, it

has a reduced sheet resistance, with mechanically exfoliated i-FLG samples reach-

ing resistances as low as 8 Ω/sq at room temperature [62]. While the intercalation

massively reduces the sheet resistance, it does not significantly impact the transmit-

tance of the material, allowing a large portion of light in the visible range to pass

through the electrode [63]. Additionally, these properties are retained after signifi-

cant mechanical deformation, making this material suitable for use as a transparent

electrode in flexible device applications [64]. Previous examples of optoelectronic

devices fabricated from i-FLG include nanoscale photodetectors [65], which showed

a vast improvement to their linear dynamic range compared to standard graphene

photodetectors [66], and flexible electroluminescent devices with increased efficiency

[64]. These devices are displayed in figure 1.2.

Energy harvesting can take a wide range of forms, from photovotaic energy har-

vesting generating electricity from sunlight [67, 68, 69], to thermoelectric generators

that can harvest energy from excess heat [18, 70]. These methods allow energy to

be collected from natural processes that would otherwise see the energy dispersed

as heat. One form of energy harvesting that taps into this same principle and has

only recently seen significant research interest is that of the triboelectric energy har-

vesting [71, 72]. This is the process by which mechanical energy is converted into

electrical energy through the contact (pressure or friction) between two materials
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Figure 1.2: i-FLG devices fabricated in previous investigations. a shows a flexi-

ble electroluminescent device made with an i-FLG electrode [58] (Reprinted with

permission from ACS Appl. Mater. Interfaces 2016, 8, 26, 16541–16545. Copy-

right 2016 American Chemical Society) b and c show examples of i-FLG being used

in photodetectors [60] (Reprinted with permission from Science Advances 26 May

2017:Vol. 3, no. 5, e1602617. Copyright 2016 AAAS) [59] (Reprinted with permis-

sion from ACS Nano 2013, 7, 6, 5052–5057. Copyright 2013 American Chemical

Society).

8 Kieran K Walsh



Chapter 1

[73]. This occurs through a charge transfer between the two materials, known as

contact electrification. Although this phenomena has been known of for hundreds of

years [74, 75], it has only been in the last decade that researchers utilize this effect

in the field of energy harvesting [76, 77]. More specifically, the manufacture of low

cost devices capable of powering small electronic devices such as sensors, receivers

and transmitters could revolutionise the fields of wearable electronics and remote

medical monitoring [78], allowing them to be integrated into IoT systems [79, 80, 81].

The intercalation of FLG with FeCl3 has been previously shown to increase both

the work function (as high as 5.2 eV) and charge carrier concentrations (up to 9×1014

cm−2) [60]. These properties make i-FLG an appealing material for use in TENG

devices, with the potential to increase electrical outputs of the devices as a result

of the doping from FeCl3 adjusting the position of i-FLG in the triboelectric series

[82].

Despite the impressive properties of i-FLG, it is yet to be investigated as a ma-

terial for energy harvesting, with its most obvious application being to photovoltaic

devices. This thesis will investigate the use of i-FLG as a transparent conductive

electrode for energy harvesting purposes, examining different fabrication and char-

acterization methods needed to design functioning devices. I will start by developing

a large area transfer and intercalation process to produce satisfactory electrodes for

energy harvesting devices (Chapter 4). I will then go on to use UV/Ozone treatment

to further functionalize the electrodes by improving their surface wetting properties,

required for the fabrication of working OPV devices (Chapter 5). I then demonstrate

the first example of i-FLG electrodes being used in photovoltaic devices of any kind,

showing superior stability compared to ITO based devices (Chapter 6). Finally, I

produce Triboelectric Nanogenerator (TENG) devices capable of harvesting energy

from friction. I will attempt to determine the position of i-FLG in the triboelec-

tric series, and demonstrate its superior triboelectric energy harvesting capabilities

compared to pristine graphene devices (Chapter 7).
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Theory and Background

2.1 Introduction

The aim of this chapter is to set out, in clear terms, the underlying physics that

govern the processes in energy harvesting devices, as well as the background to

understand the effects of replacing components such as the electrode. This entails

summarising a monumental body of research on graphene, photovoltaics, organic

electronics and triboelectric devices. As such, I will not devote as much attention to

each section as would be provided in a literature review. However, sufficient detail

will be provided to allow the reader to follow all subsequent discussions in further

chapters.

2.2 Graphene

As mentioned in chapter 1, Graphene was first discovered in 2004 [32] after be-

ing first theoretically described in the 1940’s [83]. The initial findings on graphene

inspired a fervor of research that quickly went about characterising the unique prop-

erties of graphene [84], developing manufacturing methods [85, 86], and investigating

applications through test devices.
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2.2.1 Structure and properties

Graphene is the first of the realised 2 dimensional (2D) materials, being the 2D

variant of the Graphitic allotrope of carbon. It is, as such, comprised of a single

sheet of carbon atoms arranged in a hexagonal lattice. Carbon atoms have 1s and

2s orbitals filled, and a further 2 electrons singly occupying two of the 3p orbitals.

The 2s and p orbitals lie sufficiently close in energy to allow for the hybridisation

of orbitals in either sp, sp2 or sp3 hybridisation, formed by the mixing of 1, 2 or

3 p orbitals with the s orbital, respectively. sp3 hybridised orbitals, such as those

in diamond, form a tetrahedral structure, with each atom able to form 4 sigma (σ)

bonds with adjacent carbon atoms. In sp2 hybridised atoms, the three sp2 atomic

orbitals are arranged in a trigonal planar structure, with one pz orbital orientated

perpendicular to the plane. This gives rise to the hexagonal planar structure found

in graphitic materials, with each carbon atom forming 3 σ bonds with adjacent

carbon atoms. The remaining singly occupied pz orbital is then able to form a pi

(π) bond with adjacent carbon atoms. This forms a sea of delocalized electrons

above and below the plane of carbon atoms.

This structure is a result of the hybridisation of 2s and 2p atomic orbitals for each

of the carbon atoms in the lattice, forming 3 sp2 hybridised orbitals, and leaving the

pz orbital unchanged. Figure 2.1 shows the hybridization of carbon atomic orbitals

into sp2 molecular orbitals, as well as the formation of the σ and π bonds. The

bonding structure of graphene then arises from the overlap of these sp2 orbitals,

forming strong covalent bonds with adjacent in-plane carbon atoms. The overlap of

adjacent pz orbitals then allows for the delocalization of electrons above and below

the whole sheet of carbon atoms, as seen with aromatic carbons but on a much

larger scale. It is this combination of strength from hybridised covalent bonds,

and electrical conductivity from delocalized electrons above and below the plane

of carbon atoms that gives graphene many of its attractive properties for energy

harvesting, such as its low sheet resistance and high transmission across the visible

spectrum. It is also this delocalization of charges into π bonds that allow for the
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Van der Waal’s forces that hold sheets of FLG together.

Figure 2.1: sp2 hybridisation in graphene. The top diagram shows how the rear-

rangement of the 2s and 2p atomic orbitals in carbon leads to the formation of 3

sp2 hybridised orbitals, leaving a single pz orbital. The overlap of sp2 orbitals leads

to the formation of a sigma (σ) bond, while the overlap of adjacent pz orbitals leads

to the formation of a π bond, as shown in the bottom diagram.

Graphene’s hexagonal lattice is made up of two overlapping trigonal planar sub-

lattices, A and B. Fom this knowledge, the electronic band structure of graphene

was derived, using the tight binding approximation and considering only interac-

tions between nearest neighbouring atoms. This gives rise to an upper energy band

(conduction band) and a lower energy band (valence band) which overlap precisely

at E(k) = 0. This is known as the K point, and is at the edge of the first Brillouin

zone. The Gamma (Γ) point lies at the centre of the first Brillouin zone, as shown

in figure 2.2. The dispersion of valence and conduction bands at the K points (also

known as Dirac points or Charge Neutrality Points (CNPs)) is linear for small en-

ergy excitations, allowing charge carriers to behave as massless Dirac fermions and

attain Fermi velocities up to c/300 (one 300th the speed of light) [87].

The Fermi energy level (Ef ) of undoped graphene sits at the CNP, but can be
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Figure 2.2: (Left) Bonding structure of monolayer graphene, showing the two over-

lapping trigonal planar sublattices (A and B) and the two equivalent primitive lattice

vectors (a1 and a2). (Right) 2D representation of the band structure of graphene,

plotting the energy bands as a function of wavevector (kx) along the line ky = 0. K

and Γ points are shown and related to their positions on the edge of graphene’s first

Brillouin zone.

adjusted by various methods to be above or below the CNP. This allows for the

tuning of the majority charge carriers in graphene from electrons (Ef > CNP) to

holes (Ef < CNP) in what is known as the ambipolar field effect [32], shown in figures

2.3a, 2.3b and 2.3c. This can be achieved through application of a backgate voltage

or through chemical functionalization of the graphene, which is of key relevance

to the application of graphene as an anode/cathode in photovoltaic devices. The

Density of States (DoS) in graphene is zero at the K points and increases in a linear

fashion with increasing energy. The effect of this is that undoped graphene has a

high resistivity, due to there being no states for electrons/holes to occupy at the

CNP. Once doping drives the Fermi energy above or below the CNP, graphene’s

resistivity drops dramatically due to the increase in allowed states accessible for

electrons and holes to occupy.
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(a) (b) (c)

Figure 2.3: Showing the band structure of graphene at the K point for three distinct

regimes of doping. Blue area denotes the filling of the valence/conduction bands to

the respective Fermi level. Figure 2.3a undoped graphene, where the valence band

is filled and the Fermi level sits at the CNP. Figure 2.3b shows graphene that has

been p-doped by holes, dropping the Fermi level below the CNP. Figure 2.3c shows

the Fermi level being lifted into the conduction band by n-doping.

2.2.2 Methods of fabrication

As previously mentioned, the earliest form of graphene to be successively isolated

was produced from flakes of graphite that were mechanically exfoliated from one

another by what has become known as the scotch tape method. Since then, a wide

variety of other methods for producing graphene have been explored, with a number

showing great promise. Broadly, these can be separated into ’top down’ and ’bottom

up’ approaches.

Top Down Methods

Top down approaches, like mechanical exfoliation and liquid phase exfoliation rely

on starting from a sample of graphite before separating the graphite sheets to pro-

duce individual flakes of graphene. While mechanical exfoliation uses adhesive tape

to achieve this, liquid phase exfoliation relies on dispersing graphene flakes into so-

lution, usually through a combination of high shear mixing or sonication and the use
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of solvents or surfactants to stabilise the resulting suspension of flakes [88, 89, 90].

These two approaches have very different resulting outcomes in terms of the qual-

ity of graphene produced. Mechanically exfoliated graphene has the highest carrier

mobility achieved to date [91]. This is due to the controlled manner in which it

is produced, and the large domain sizes of graphene produced from single crystal

sources. Graphene produced by liquid phase exfoliation, however, tends to have

much smaller domain sizes (< 1 µm) and a much higher density of defects due to

damage and contamination of the graphene during exfoliation. The scale on which

these two methods of graphene production function, however, is completely differ-

ent. Mechanical exfoliation can only produce flakes at best hundreds of microns

in diameter, which is clearly not usable for large scale devices. In contrast, liquid

phase exfoliation is capable of producing graphene suspensions that can be printed

or sprayed to produce films meters in diameter, suitable for large scale industrial

applications.

Bottom Up Methods

Bottom up methods take a different approach to graphene fabrication, relying in-

stead on progressively building graphene films from smaller precursor molecules.

These methods, including Chemical Vapour Deposition (CVD), Physical Vapour

Deposition (PVD) and other variants, typically involve flowing a precursor gas of

methane and hydrogen over a catalytic substrate, such as copper or nickel.

The methane molecules will then break apart under interaction with the catalytic

substrate. For Copper catalysts, the carbon atoms then arrange themselves on the

surface of the catalyst, forming a graphene film. For Nickel catalysts, the carbon

atoms are absorbed into the catalyst and precipitate out upon cooling, forming a

multilayered graphene film. Therefore, the structure of the graphene film being

grown is dependent on the catalyst and conditions used. Typically, copper catalysts

are used for growing monolayer graphene films with large domain sizes, while nickel

catalysts produce multilayer graphene films with much smaller domain sizes. The
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effect of this is that copper grown CVD graphene films tend to have a lower sheet

resistance and greater transmission than nickel grown CVD graphene films, leading

them to be far more extensively studied for use in optoelectronic devices, including

solar cells. However, nickel grown CVD graphene has its own advantages, which will

be examined later. The two varieties of graphene examined in this thesis will be

nickel grown CVD FLG and liquid phase exfoliated graphene dispersed in aqueous

solution by sodium cholate.

2.2.3 Characterisation by Raman Spectroscopy

Since the discovery of graphene in 2004, Raman spectroscopy has been an invaluable

method of characterising the properties of graphene samples; from their number of

layers [92] to the density of defects in the sample [93, 94]. In this section I will

explore the theory behind Raman spectroscopy, and how it can be used as such an

effective tool in the characterisation of graphene electrodes.

Raman spectroscopy is a non-destructive spectroscopic technique that relies on

the scattering of incident light, and its conversion to vibrational energy in the form

of phonons. After the discovery of this effect in 1928 [95], it has become invaluable

to the characterization of the structure of materials. When a photon of sufficient

energy interacts with a material, it can promote an electron of that material to be in

a higher virtual energy state [96]. This state is extremely short lived, however, and

quickly decays back to the electronic ground state, re-emitting a photon as it does

so. Both the upper electronic states and the ground state are comprised of multiple

vibrational energy levels, with much closer separation than the electronic states.

This allows the conversion of the incident light energy to vibrational energy by the

electron finishing in a higher/lower vibrational state than it originally started (as

shown in figure 2.4). This change in vibrational state only occurs for a very small

fraction of the incident photons (≈ 1 in every 1,000,000 absorption events) with

the rest undergoing Rayleigh scattering, where a photon is rapidly absorbed and re-

emitted with the same wavelength. Photons that undergo Stokes/anti-Stokes Raman
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Figure 2.4: Energy transitions for light undergoing Rayleigh, Stokes and Anti-Stokes

Scattering. The red arrow represents a scattered photon of lower energy than the

incident photon, and the blue arrow represents a scattered photon of greater energy

than the incident photon. Rayleigh scattering is elastic and so the re-emitted photon

has the same energy, and hence wavelength, as the absorbed photon. For both

Stokes/Anti-Stokes scattering, the re-emitted photon has lost/gained energy, and so

is re-emitted at a longer/shorter wavelength.

scattering lose/gain a small amount of energy to/from the vibrational energy in the

sample. As such the re-emitted photon has a slight shift in wavelength, redshifted

for Stokes and blueshifted for anti-Stokes. The subsequent change in wavelength

(or Raman Shift) is used to gain information about the separation of vibrational

energy levels in the sample, and as such, information about its structure, chemical

environments and much more. The energy level transitions associated with Stokes,

Anti-Stokes and Rayleigh scattering are detailed in figure 2.4.

Not all vibrational modes are Raman active, with some only accessible by direct

transition between vibrational energy levels by Infra-Red (IR) absorption. IR active

modes are vibrational modes where the vibrations cause a change in the dipole mo-

ment of the sample. Raman active modes produce a change in the polarisabilility

ellipsoid of the material. This is determined by the point group of the material and
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the irreducible representations of its vibrational modes. Vibrational modes that in-

volve the in-phase motion of all atoms of the unit cell are known as acoustic phonons,

where as vibrations where atoms are out of phase are called optical phonons. For

graphene, these vibrations can either be in plane (i) or out of plane (o) in relation

to the atomic lattice.

The Raman shift value seen in Raman spectra is calculated from the shift in

energy experienced by the scattered photon. This can be calculated from the shift

in wavelength after Stokes/Anti-Stokes scattering, given by equation 2.1. Where

E2 and E1 are the energies of the re-emitted and absorbed photons, h is Plank’s

constant, c is the speed of light, and λ2 and λ1 are the wavelengths of the re-emitted

and absorbed photons.

∆E = E2 − E1 =
hc

λ2
− hc

λ1
= hc

(
1

λ2
− 1

λ1

)
(2.1)

The total shift in energy is displayed on the x-axis of a Raman spectrum in reciprocal

centimeters (cm−1).

In the Raman spectrum of pristine graphene (figure 2.5), there are a number of

characteristic peaks that provide information on the structure of the sample. These

peaks originate from different scattering mechanisms and vibrational modes in the

graphene film [92]. These peaks are the G-peak, the 2D-peak and the D-peak. The

G peak is common to all graphitic materials and is caused by a transition within

the same Dirac cone, around the Γ point, and as such is an intra-valley transition

(shown in figure 2.6a).

After absorption of a photon the electron scatters from the asymmetric in plane

stretching of sp2 hybridised carbon atoms, known as the E2g phonon mode. This

mode is comprised of two degenerate phonon modes, the Transverse Optical (TO)

and Longitudinal Optical (LO) at the centre of the first Brillouin zone [97]. After

scattering, the electron and hole will undergo radiative recombination, re-emitting

a scattered photon with a different energy. The shift in energy of the re-emitted

photon produces a peak with a Raman shift of approximately 1580 cm−1. The

intensity of the G-peak is proportional to the number of carbon environments that
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Figure 2.5: Raman spectrum of pristine FLG, measured with a 514 nm laser. The

figure shows the positions and relative intensities of the three primary Raman peaks

for graphene; the D, G and 2D peaks.

undergo this vibration, and so is proportional to the amount of graphene in the

sample. As such, the intensity of the G-peak decreases when approaching monolayer

graphene. In addition to this, the position of the G-peak can vary depending on the

conditions of the graphene sample. Both doping [93, 98, 99] of the graphene and

strain [100] in the graphene sheet can be causes of a shift/splitting of the G and 2D

peaks, respectively. The contributions to peak shift can be separated into doping

and strain contributions by correlation analysis of the G and 2D peaks, with more

advanced analysis methods existing for determining the precise nature of the strain

[101].

The most intense peak in the Raman spectrum of monolayer graphene is the 2D-

peak. This peak originates from a second order process and can occur in either a

double or triple resonance fashion [102], as detailed in figure 2.6c. First, a photon is

absorbed promoting an electron near the vicinity of the K point to the conduction

band. The electron then scatters from a TO phonon to the K ′ point. For the
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(a) G Peak Scattering Mechanism (b) D Peak Scattering Mechanism

(c) Double and Triple Resonant 2D Peak Scattering Mechanisms

Figure 2.6: Illustration of the scattering processes that lead to the separate G, D and

2D peaks that are present in the majority of monolayer graphene samples. Green

and red arrows represent the electronic transition of a charge carrier before and after

scattering respectively. The black arrows represent inelastic scattering processes that

occur when the charge carriers scatter from phonons in the graphene. Finally, the

dashed black arrow represents the scattering from a defect in the graphene and is,

as such, an elastic process.
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doubly resonant case, the electron scatters from another TO phonon with opposite

momentum to the first, back to the K point of the original Dirac cone, where it can

recombine with a hole and re-emit a scattered photon. For the triply resonant case,

the scattering of an electron by the first TO phonon is followed by a hole scattering

from a TO phonon with opposite momentum to the first. This causes the electron

and hole to recombine in the vicinity of the K ′ point. For monolayer graphene,

the 2D peak is comprised of a single Lorentzian peak, however, as the number of

graphene layers increases, so too does the complexity of the peak [93]. This is

because the band structure of graphene changes with increasing layers, increasing

the number of transitions that can occur. For bilayer graphene, two more energy

bands are present above and below the Dirac cone, allowing for transitions that cause

the 2D peak to be formed of 4 Lorentzian subpeaks. This allows vital information

about the structure of graphene to be gained from examining the structure of the

2D peak.

The D-peak, named because it necessitates the presence of a defect in order to be

active, originates from a doubly resonant inelastic scattering process, similar to the

2D-peak (shown in figure 2.6b). This occurs via as an inter-valley transition at the K

and K’ points of the first Brillouin zone [102]. A photon is first absorbed, promoting

an electron to the conduction band near the K point, where it scatters from a TO

phonon to the K ′ point. The electron is then backscattered from a defect, back

to the K point, where it can recombine with a hole. As this process involves back

scattering from a defect, instead of a second phonon with opposite momentum (as

seen for the 2D-peak, the second overtone of the D peak) the Raman shift observed

is half that for the 2D-peak, centred around 1350 cm−1 [93]. Because this peak is

triggered by the presence of defects, the intensity of the D-peak is proportional to

the density of defects in the sample, and so is vital for investigating the quality of

a graphene sample.
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2.2.4 Methods of functionalization

While graphene has excellent properties in terms of mechanical strength, electrical

conductivity and transparency, for use as a transparent conducting electrode it must

compete with the properties of the current industry leader, Indium Tin Oxide (ITO).

This has lead many researchers to investigate methods of doping graphene using a

range of chemicals and methods which I shall now discuss. The principle behind

these methods being that the charge carrier concentration, and hence the sheet

resistance of the graphene film can be tailored to the desired application by varying

the doping concentration. Some of the most studied methods of doing this are as

follows:

Chemical doping

The simplest method of doping graphene is simply by applying a chemical dopant

to the surface of a graphene film, either by spin coating the chemical in solution or

by another method such as vapour deposition. This allows the dopant molecules to

interact with graphene’s delocalized π bonding structure. The transfer of electrons

from the dopant to graphene (n-doping) or from graphene to the dopant (p-doping)

can then take place through the overlap of the dopant molecule’s molecular orbitals

with those in graphene. While this method is very scalable and easy to perform,

it also has limited benefits as the doping can only be applied to the surface of

the graphene film. Additionally, the dopant molecules are susceptible to removal

through many solvent cleaning procedures, such as those used in the fabrication of

many optoelectronic devices. This method has been used effectively, in cases where

successive graphene films were doped and transferred on top of one another, pro-

ducing an FLG film with dopant molecules in between each layer. This leads to

improved levels of doping as the dopant can donate/withdraw charge to/from two

graphene layers at once. However, this removes any advantage this method had in

terms of scalability due to the work intensive process of manually transferring each

graphene layer successively. Commonly studied chemical dopants, such as tetra-
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cyanoquinodimethane (TCNQ), have been shown to substantially reduce the sheet

resistance of graphene films by approximately one order of magnitude, while also

increasing both the carrier concentration and work function [48]. Other examples of

chemicals used in the doping of graphene films include tetracyanoethylene (TCNE)

[59], gold chloride (AuCl3) [103], nitric acid (HNO3) [104]. Additionally, covalent

doping of graphene with nitrogen atoms (leading to n-doping) can occur through

reactions with species such as ammonia (NH3), catalysed by electrothermal heating

[105]. Other varieties of covalent doping can cause the addition of boron atoms to

the graphene lattice (leading to p-doping), through pyrolytic synthesis [106, 107].

Surface doping with metal particles

Similar to doping graphene by means of chemical treatment, the addition of metal

nanoparticles onto the surface of graphene has been shown to be effective at reducing

sheet resistances. This functions in a similar manner to chemical doping, with the

charge transfer between the metal and the graphene occurring due to the proximity

of their outermost orbitals [108, 109]. Typically, gold and silver are used for this,

as they have exceedingly high charge carrier concentrations, and so can easily dope

graphene. One additional effect of this is that if the metal nanoparticles are arranged

in the correct manner and are of the correct size and shape, their presence can lead

to the plasmonic enhancement of incident electric fields around the particles. This

has been used in photovoltaics to enhance device efficiency by concentrating the

electric field of the incident light around the metal nanoparticles, close enough to

the active layer to lead to enhanced photocurrent generation [110, 111].

While this method leads to a reduced sheet resistance for the resulting electrode,

and increased device efficiencies when employed in photovoltaic devices, it also has

the effect of increasing the surface roughness of the electrode. The dimensions of

the metal nanoparticlles used in plasmonic arrays are on the scale of a few hundred

nanometers. This causes the surface of the graphene electrode to have a roughness

on the same scale. For many varieties of photovoltaic device this has little impact,
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Figure 2.7: Illustration of the process of intercalation; where molecules of FeCl3 pen-

etrate between the sheets of graphene in a few layer sample (two sheets shown). The

resultant i-FLG is strongly p-doped, leading to a significant drop in sheet resistance.

but due to the thin nature of Organic Photovoltaic devices, this roughness will lead

to device failure and so is not an effective method of doping graphene.

Intercalation

Intercalation has been shown to be a very effective method of doping few layer

graphene systems, producing the highest charge carrier concentrations reported in

functionalized graphene electrodes and reducing sheet resistance values by up to

three orders of magnitude [62]. The process of intercalation works by inserting

atomic or molecular species between a layered structure. This was first performed

on graphite long before graphene was first isolated [112]. In the case of intercalated

graphene, FLG grown by CVD on Nickel is used. This has the advantage of the

graphene being multilayer in nature, while also possessing relatively small domain

size compared to copper grown CVD graphene. This means that there are a large

number of edge sites from which the intercalant can enter between the graphene

sheets. Many species have been used to intercalate graphene, including Li atoms

[113], Ca [114], FeCl3 and many others [115, 116]. This is carried out by a number

of methods, broadly broken down into intercalation facilitated by heating or sonica-

tion. When intercalating by heating, a furnace must be used to heat the intercalant

to the point of sublimation in close proximity to the graphene sample. This causes
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the intercalant to vaporise and penetrate between the sheets of graphene, as shown

in figure 2.7. This can be carried out either in an inert atmosphere or under high

vacuum depending on the precise intercalant being used. Intercalation by sonica-

tion is typically carried out in solution, where a low power ultrasonic vibration is

used to partially separate the layers of graphene and allow the penetration of small

atoms/molecules in solution. By the nature of this method, it is primarily used on

graphene dispersed in solution already, and is normally applied to the fabrication of

hydrogen storage materials, and as such will not be described further.

Once intercalated with FeCl3, the intercalant acts as a dopant molecule, p-doping

the graphene and reducing its sheet resistance due to the large increase in charge

carrier concentration. Samples with charge carrier concentrations as high as 9 ×

1014 cm−2 and sheet resistances as low as 8 Ω/sq have been achieved in mechanically

exfoliated samples comprised of 5 layers of graphene with intercalant between each

layer [62]. This is a larger charge carrier concentration than what has been achieved

in graphene samples surface doped by chemicals, due to the doping from intercalation

affecting two layers of graphene simultaneously. This doping also increases the

work function of the i-FLG, raising it to as high as 5.1 eV [60]. Further properties

of i-FLG, such as transmittance and carrier mobility, can be found in figure 2.8.

However, the intercalation of graphene is not always complete, and can lead to

different staging conditions. This occurs when some but not all layers have been

intercalated. The staging is defined by the number of graphene layers between each

successive layer of intercalant, stage 1 being fully intercalated, stage 2 having two

graphene layers between each intercalant layer, and so on. The increased spacing

between the graphene layers in an intercalated sample leads to the decoupling of the

graphene layers, as can be seen from the change in the structure of the 2D Raman

peak from a multipeak in FLG to a single Lorentzian peak in i-FLG [62].

In addition to the massive reduction in sheet resistance seen in FeCl3 intercalated

graphene, a number of other studies have highlighted its applicability to the field

of photovoltaic electrodes [47, 117, 118]. Firstly, despite the insertion of numerous
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Figure 2.8: a. The sheet resistance and transmittance of a number of transparent

conductive electrodes. Best performing electrodes are located in the bottom right

of the graph, for the highest transmittance and lowest sheet resistance. Here, i-FLG

shows superior performance to ITO and other forms of doped graphene. b. The

sheet resistance of i-FLG samples of different numbers of layers across a range of

temperatures. c. Change in i-FLG charge carrier concentration with number of

graphene layers. d. Change in i-FLG carrier mobility with number of graphene

layers (Reproduced with permissions from Adv. Mater. 2012, 24, 2844–2849. Copy-

right 2012 John Wiley and Sons).
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other layers of atoms into the graphene structure, the transmission properties of the

resulting i-FLG sample are largely unchanged. This allows for highly conductive

electrodes to be produced with excellent transmission across the full range of the

visible spectrum [63]. Secondly, FeCl3 i-FLG have been demonstrated to be highly

resistant to atmospheric contamination/degradation. FeCl3 is aggressively hygro-

scopic, and will absorb water molecules from the air in ambient conditions. Once

intercalated between graphene sheets, however, the resulting material shows excel-

lent resistance to atmospheric humidity over a large temperature range [61]. This

makes intercalation the most appealing of all currently examined doping strate-

gies, as it produces highly conductive electrodes that are resistant to environmental

factors.

2.3 Energy Harvesting

Energy harvesting is the collection of energy from processes that occur naturally and

require no fuel source. These include the harvesting of mechanical energy through

wind, wave, tidal and vibrational energy harvesting; as well as the harvesting of

energy from sunlight and heat. These methods of energy harvesting have long

been investigated and researched, but have regained interest in recent years due to

the drive for renewable methods of energy production. Additionally, the recently

emerging IoT requires methods to continually power large numbers of low energy

cost devices, and energy harvesting devices can fulfil this requirement. As there are

such a large variety of energy harvesting methods, this thesis will focus on only two:

Photovoltaic energy harvesting and triboelectric energy harvesting.

2.3.1 Photovoltaic Energy Harvesting

The photovoltaic effect was first observed by Becquerel in the late 1830’s, and since

then has been expanded upon by countless researchers. There are many varieties

of photovoltaic cells, with the most recent efficiencies achieved by each variety dis-
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Figure 2.9: Chart of solar cell efficiency progress from 1975 to 2020 for cer-

tified solar cells of different varieties. Data collected by the National Renew-

able Energies Laboratory (NREL) and made freely available on their website:

https://www.nrel.gov/pv/cell-efficiency.html

played in figure 2.9. In its most basic form, the photovoltaic effect functions as

follows: A sample of semiconducting material is irradiated with light of some wave-

length, λ. Semiconducting materials possess a bandgap, that is, a gap in energy

between their valence and conduction bands. If the energy carried by that light

(E = hc
λ

) is equal or greater than the bandgap of the material being irradiated, the

material will absorb a photon of light, causing the transition of an electron from the

valence to the conduction band. Once in the conduction band, the electrons can be

extracted to the electrodes by way of a built in electric field. In silicon solar cells,

this electric field is produced by the difference in charge carrier concentration across

the depletion layer that forms as a result of bringing together two materials with

different doping concentrations. In other types of solar cells (organic, Perovskite,

etc.), this electric field is produced by the difference in work functions of the two

electrodes. The greater the number of photons absorbed, the greater the number of

electrons promoted to the conduction band and the larger the current produced.

28 Kieran K Walsh



Chapter 2

Photovoltaic Device Structure

While there are many varieties of solar cells and many different structures that

have been tested, the vast majority of solar cells are comprised of a similar layered

structure with an absorber material sandwiched between two conductive electrodes.

The top electrode must also be transparent in order to allow light to enter the solar

cell, typically Indium Tin Oxide (ITO) is employed for this. In silicon solar cells, the

absorber layer is made up of two layers of silicon with different dopings, one p-doped

and one n-doped. When brought together charges are exchanged between these two

layers, forming a depletion layer at the interface. Such a device structure is shown in

figure 2.10. The difference in charge carrier concentrations across this layer produces

an electric field, which allows the separation of charges (as previously mentioned).

In other solar cells, such as organic solar cells, these layers are not planar, and

are instead formed from a mixture of two organic compounds, one donor and one

acceptor, in what is known as a Bulk Heterojuntion (BHJ).

In many types of solar cell, the excitation of an electron to the conduction band

does not result in a free electron and hole, but rather a bound electron–hole pair

known as an exciton. This is a neutral quasi-particle that forms due to the Coulom-

bic attraction between the negatively charged electron and the positively charged

hole. This causes the exciton to be held together with a characteristic binding en-

ergy which must be overcome in order to separate the exciton into free charges.

Organic solar cells have particularly high binding energies on the order of 100s of

meV, and as such require a strong electrical field to separate the exciton. This is

achieved by selecting electrodes of sufficiently different work functions, as well as

using electron transport layers (ETLs) and hole transport layers (HTLs) to encour-

age the separation of charges. This results in a slight drop in Voc due to the energy

cost of separating the charges.
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Figure 2.10: The basic structure of a photovoltaic cell formed by joining two pieces

of p and n doped semiconducting material. The diagram shows the formation of the

depletion layer of width W , due to migration of charges at the interface. This allows

charges to be extracted when excited by an incident photon (shown in green).

Working Principle and Electrical Characteristics

Electrically, a photovoltaic cell behaves in the same manner as a diode, with an

additional photocurrent term being generated from the extraction of photoexcited

free charge carriers when irradiated with light. An equivalent circuit diagram (figure

2.11) can be produced to describe the behaviour observed in photovoltaic devices,

and hence an equation for the current generated can be derived.

I = Id + Ish − Iph (2.2)

The current generated by a solar cell has three contributing factors, the current

flowing through the diode (Id), the current flowing through the shunt resistor (Ish)

and the photocurrent (Iph). Treating the p-n junction of the solar cell as an ideal

diode, we can treat the first term as simply the current through an ideal diode, given
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Figure 2.11: Equivalence circuit for a photovoltaic cell showing the generation of

photocurrent in parallel with a diode and shunt resistor, and in series with a series

resistor.

by the Shockley diode equation:

Id = I0(e
qVi
kbT − 1) (2.3)

where the term Vi is the voltage across the elements in the circuit: Vi = V +IRs, q is

the elementary unit of charge, kb is the Boltzmann constant and T is the temperature

in Kelvin. The current through the shunt resistor can then be described by Ohm’s

law: Ish = Vi
Rsh

. From this, the full characteristic equation can be derived.

I = I0(e
q(V+IRs)

kbT − 1) + V+IRs
Rsh

− Iph (2.4)

The photocurrent is negative as convention, as it opposes the contributions from the

diode (Id) and shunt. The physical significance of the shunt (Rsh) and series (Rs)

resistors is important to note, as these heavily influence the FF of the photovoltaic

device. The series resistance represents the resistance of the two electrodes extract-

ing current, as well as the resistance of the materials current travels through while

being extracted, and the contact resistance between each of the layers comprising

the solar cell. The easiest of these quantities to adjust is the resistance of the elec-

trodes, as I shall explore later. The lower the series resistance in a solar cell, the
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more current can be extracted. The shunt resistance, represents the resistance to

the flow of current on alternative current pathways through the solar cell, such as

those created by pinholes. Such a redirection of current reduces the total current

that can be extracted, as well as the voltage from the solar cell. The shunt resistance

is usually determined by the presence of defects in the solar cell that form during

fabrication [119, 120]. As such, it is beneficial for the shunt resistance to be as high

as possible to prevent these losses.

In addition to the basic operation of a solar cell, it is important to understand how

to characterise photovoltaic devices, which parameters are important and what this

tells us about the performance of the solar cell. The most basic way to characterise

a solar cell is through IV curve measurement. An example IV curve, labelled with

relevant photovoltaic device parameters, is shown in figure 2.12. Performing this

measurement involves sweeping the voltage across a solar cell and measuring the

output current, in either light or dark conditions. In the dark, this characterises

the diode behaviour of the solar cell, whereas under illumination the additional

contribution from the photogenerated current is also characterized. By performing

this measurement the user can extract the short circuit current (Jsc), open circuit

voltage (Voc), series resistance, shunt resistance, device efficiency (η) and fill factor

(FF ).

The short circuit current is defined as the current produced by a solar cell under

illumination and short circuit conditions (zero voltage) and as such can simply be

read off the IV curve where the current crosses the y-axis. Similarly, the open circuit

voltage is the voltage across the device when there is zero current flowing, and can

be read off where the IV curve crosses the x-axis. The maximum power output,

PMax (also known as the Maximum Power Point, MPP ) is found using the formula

P = IV and multiplying together the current and voltage on the curve. The fill

factor can then be found by dividing the maximum output power by the product of

the open circuit voltage and the short circuit current, as follows:

FF =
JMPP · VMPP

Jsc · Voc
=

PMax

Jsc · Voc
(2.5)
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Figure 2.12: Example of a typical IV curve from a solar cell, indicating the relevant

parameters that can be extracted from the curve, including the open circuit voltage

(VOC), short circuit current (JSC) and maximum power point (Pmax). The fill factor

(FF ) is calculated from the ratio between the areas of the blue rectangle and the

rectangle made by black dotted lines. The red dotted lines shown are used to

calculate the gradient at the Jsc and Voc, the inverse of which provides values for

the shunt (Rsh) and series resistances (Rseries) respectively.
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This provides a measure of the squareness of the IV curve and an indication of how

effective charge generation and extraction are in the device. Device efficiency can be

measured by the ratio of power produced by the device divided by the power input

into the device. In the case of solar cells, the input power is simply the power of

the incident light on the solar cell. Rearranging equation 2 for the maximum power

term we find the expression PMax = Jsc · Voc · FF , meaning the efficiency can be

expressed as:

η =
Jsc · Voc · FF

Pin
(2.6)

allowing all crucial device parameters to be extracted from a single measurement.
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Factors Impacting Photovoltaic Power Conversion Efficiency

There are many factors that can influence the efficiency of a photovoltaic device.

These can vary between different types of solar cell, but in general the following can

be considered:

• Transmission Through the Electrode

For light to enter the solar cell, it must first pass through the top electrode.

Therefore, electrodes with high transmittance are favourable as they allow

more photons to enter the device.

• Internal Quantum Efficiency

The internal quantum efficiency is defined as the ratio of photons to enter a

device to the number of electrons excited to the conduction band. This is a

property of the absorber or active material in the solar cell.

• Recombination rates

After excitation, if charges are not separated and extracted quickly enough,

they may recombine, reducing the number of excited charges. There are a

number of different mechanisms by which recombination can occur, includ-

ing radiative recombination, trap assisted recombination [121, 122] and Auger

recombination [123].

• Charge Extraction Efficiency

Because solar cells are comprised of a number of layers, any energy offsets

between these layers can cause barriers to charge transport. This can increase

series resistance, as well as causing the IV curve to deviate from the typical

diode shape.

The extent to which these factors impact the device is dependent on the type of

solar cell being considered, as I shall now describe for Organic Photovoltaic (OPV)

devices. However, these factors are not measured in this work, only the PCE.
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2.3.2 Organic Photovoltaics

The field of organic photovoltaics began in the 1950’s, with the study of organic dyes.

Kearns and Calvin are widely credited with the development of the first OPV device,

in their study of magnesium phthalocyanines where they achieved a photovoltage

of 200 meV [124]. However, the field of OPV devices did not truly expand until

the 1980’s, when the first heterojunction organic solar cell was developed by Tang

et al., exceeding 1% efficiency [125]. The next crucial step in the development of

OPV technology was the development of the first BHJ OPV devices by Yu et al.

in the 1990’s [126]. Now, the field of OPV technology relies on the development of

new organic donor and acceptor compounds in order to improve device efficiencies.

However, some studies into alternative electrodes to ITO have been carried out, as

was mentioned in chapter 1. While these alternative electrodes have shown great

promise at improving device flexibility, few have produced devices that can compete

with ITO based devices. For this to be achieved, the electrode requires both a

low sheet resistance (< 10 Ω/sq) and high transmittance (> 85%). Doped forms

of graphene, such as i-FLG, have shown potential to reach these benchmark values

and compete with ITO.

After the discovery of graphene, a great deal of research has been carried out to

integrate graphene electrodes into OPV devices. OPV devices with graphene elec-

trodes produced by solution processable means [127], as well as graphene electrode

grown by CVD [128] have been investigated and shown to act as effective transpar-

ent electrodes. However, these devices still fell short of the efficiency values set by

ITO based devices. In 2014, Park et al. produced an OPV device with a graphene

anode and cathode on a polyethylene naphthalate (PEN), making a fully flexible

OPV device that achieved comparable efficiencies to ITO based devices (7.1%) [39].

Doped graphene electrodes were also previously shown to lead to improved OPV

performance (1.63%), and come close to exceeding the efficiency values produced

by ITO based OPV devices produced alongside [49]. Hsu et al. fabricated doped

graphene electrodes by sequentially stacking monolayers of CVD graphene with lay-
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ers of TCNQ dopant in between each graphene layer [48]. By varying the number

of graphene layers, they found that 3 layers of graphene with two layers of TCNQ

produced the best performing devices, achieving an average efficiency of ≈ 2.6%

(1.5% lower than ITO based devices). While this strategy is effective at producing

electrodes of low resistance and high transmittance, it is also labour intensive and

does not easily translate to a large scale fabrication process. Intercalation achieves

a similar result, with layers of dopant in between multiple graphene layers, but does

not require repeated transfer of monolayer graphene. Despite the promise that both

doped and undoped varieties of graphene show as transparent electrodes for OPV

applications, there have been few examples of graphene based devices exceeding

the efficiency values achieved by ITO devices, and those that have are likely due

to a poorly optimised fabrication process leading to under-performing ITO based

devices. Current leading OPV technologies can now achieve efficiencies over 17%

[15]. However, the challenge for this promising technology is to now match these

values in flexible devices, as rigid ITO electrodes are still used to attain the best

efficiency values. In addition, OPV device stability remains a crucial issue that is

still under investigation, which shall be discussed later.

Organic solar cells utilise organic semiconducting materials as the absorption

layer, using donor and acceptor compounds to take the place of the positive and

negatively doped regions of the semiconductor. These materials are typically con-

jugated polymers with additional electron donating/withdrawing groups added in

order to stabilise the excited state after the absorption of a photon. Unlike in

silicon photovoltaic devices, the donor and acceptor compounds in OPVs do not

have conduction and valence bands, instead we must consider the Lowest Unoccu-

pied Molecular Orbital (LUMO) and Highest Occupied Molecular Orbital (HOMO).

This is because electronic excitation does not occur in the bulk of a semiconducting

material, but rather at a molecular level.

The two semiconducting materials that make up the absorption layer are typ-

ically dispersed together in an organic solution where they are mixed before be-
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ing deposited onto a desired electrode, usually by spin coating. This forms what

is known as a Bulk Heterojunction (BHJ), where the organic donor and acceptor

separate into different phases which then form a nanostructured interpenetrated bi-

continuous network. This means that the two separate phases are mixed into one

another as a network of long cylindrical domains of polymers, with a typical phase

domain size on the order of 10 nm.

The BHJ is held between two transport layers, ETL and the HTL [129]. The

materials used for these layers have higher mobilities for the carrier they are selected

for (higher hole mobility for the HTL and higher electron mobility for the ETL) [130].

This prevents the transport of current in the reverse direction, reducing the leakage

current. These layers are used to fix the work functions at either end of the BHJ

near the levels of the HOMO of the donor at the anode, and near the LUMO of

the acceptor near the cathode. This improves the charge extraction efficiency by

preventing the build up of charges at the interface.

As was mentioned previously, the binding energy of excitons formed in organic

solar cells is greater than those formed in many other types of solar cell, typically

on the order of 0.2– 1.0 eV [131]. This is because the low dielectric constant of

the organic materials limits the screening of the Coulomb attraction between the

electron and hole in the exciton. The processes that govern exciton transport in

OPV devices are still under investigation, and are likely to vary depending on the

exact materials being used.

The processes governing the transport of excitons in the BHJ is are still un-

der investigation, and the perspective offered here does not examine the competing

theories in detail. When an exciton forms in the BHJ, it travels by diffusion to

the interface between the donor and acceptor, where it loses some energy [132].

The distance an exciton can travel before recombining is known as the exciton dif-

fusion length [133, 134]. The exciton then forms a charge transfer exciton (also

known as a geminate exciton), where the exciton is no longer localised to one or-

ganic molecule (known as a Frenkel exciton), but rather split across two, bridging
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Figure 2.13: This figure shows the generation of an exciton in either the donor or

acceptor material upon the absorption of an incident photon. The exciton can then

diffuse to the interface between the donor and acceptor, where it forms a charge

transfer (CT) exciton, shown in red, spread across the donor and acceptor interface.

This allows the separation of the exciton by the in-built electric field. The electron

is then extracted at the cathode and the hole is extracted at the anode (transport

layers not shown for simplicity).

the donor/acceptor interface [131]. This lowers the binding energy of the exciton

sufficiently that the internal electric field can separate the charges, allowing the

electron to be extracted through the acceptor to the cathode, and the hole to be

extracted through the donor to the anode. A simplified diagram of this process is

shown in figure 2.13. The process of the exciton traveling from one organic molecule

to another is facilitated by Forster resonance energy transfer[135], where the exciton

is able to hop between molecules by a dipole-dipole coupling interaction between

organic molecules [136, 137].

The diffusion of the exciton to the interface between donor and acceptor com-

pounds is crucial to the generation of free charges in OPV devices. Therefore,

the diffusion length of the exciton, governed by the exciton recombination time is
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a crucial parameter [138]. Typically, excitons in organic material have very brief

lifetimes, allowing them to diffuse over distances on the order of 10s of nm before

recombination occurs. This is one of the reasons that the BHJ structure has become

ubiquitous for OPV devices, because the domain size within the BHJ matches that

of the diffusion distances achieved by the excitons. This means that the domain size

and structure of the BHJ is key to the design of efficient OPV devices.

Charge Recombination in OPV devices

As was outlined in the previous section, recombination of charges is a key factor

impacting device efficiency. In OPV devices there are many causes of charge recom-

bination competing with charge generation through absorption, the result dictating

the current that can be extracted from the junction under different bias condi-

tions. Recombination can occur both before or after the charge separation at the

donor/acceptor interface, and can be either radiative (releasing a photon) or non-

radiative. The simplest form of recombination is band-to-band recombination that

occurs due to the relaxation of the free electron back into the valence band from the

conduction band. This usually occurs as a bimolecular process [139]. Recombination

may also occur via geminate recombination, where the exciton has formed but has

not yet dissociated into free charges. This predominantly happens while the exciton

is localised to one molecule, but can also occur while the exciton is in its charge

transfer state. This type of recombination tends to dominate when the domains in

the BHJ are larger than the diffusion length of the exciton and occurs over very

short timescales (≈ 100 ns). Recombination can also occur at the interface between

the donor and acceptor, or in the bulk of the heterojunction[140], where the charges

(either free or in a CT state) recombine across separate molecules. This is known

as bimolecular or Langevin recombination [141]. This type of recombination is par-

ticularly strong in low mobility organic solar cells, where electrons and holes travel

slowly, giving more time to encounter one another and recombine via coulombic

attraction. In addition to this, traps formed in the BHJ (either from manufacturing
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defects or from the degradation of the organic constituents) allow for trap assisted

recombination [13, 142]. This is where an electron or hole falls into a trap state with

an energy inbetween the HOMO and LUMO level. This trapped charge can then

attract surrounding free charges and recombine when they encounter one another.

This type of recombination is known as Shockley-Read-Hall (SRH) recombination,

and is particularly dominant under high trap concentrations in the BHJ.

Limiting the impact of these different recombination mechanisms is a key area

of research in the OPV community. However, some level of recombination is always

present in OPV devices and cannot be mitigated. Instead, many works focus on

increasing the number of charges generated to offset the recombination. This can

be achieved through many different methods, but instead I shall focus on the re-

placement of the electrode with a better suited transparent conducting material to

improve charge extraction.

Organic Photovoltaic Devices Based on Graphene Electrodes

The vast majority of OPV devices employ an ITO electrode. This is a highly con-

ductive and transparent form of glass that is well suited for use in most solar cells,

along with many other types of optoelectronic devices. In recent years, however,

graphene has received much interest in its application as a transparent conductive

electrode in solar cells. Directly comparing the two materials, one can see that

ITO has a lower sheet resistance and higher transmission than pristine graphene.

This has not dissuaded many researchers from testing the functionality of graphene

electrodes in OPV devices. Many successful devices have been characterised, with

efficiencies generally falling slightly short of those achieved by ITO based devices.

Undoped graphene is not well suited to this, as it possesses a relatively high sheet

resistance and low work function. This leads to poor charge extraction and causes

excess recombination at the electrode. Therefore, the use of previously mentioned

doping methods is required in order to lower the sheet resistance and adjust the

work function. Where these methods have been employed, device efficiencies have
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been improved but still rarely exceed those of ITO based devices.

It may be inevitable that ITO devices outperform graphene based solar cells in

terms of efficiency. However, another advantage offered by graphene is that it is

highly flexible and mechanically robust. ITO on the other hand is extremely brittle

and is subject to large increase in sheet resistance when bent. This is because the

ITO forms cracks after the application of relatively little stress, inhibiting the flow

of charges. Efforts have been made to develop flexible forms of ITO but these tend

to be limited to very small bending angles and are not suitable for repeated bending

cycles. Therefore, the development of graphene electrodes for OPV devices is crucial

for the fabrication of flexible OPV devices. In this thesis I shall examine the use of

FeCl3 intercalated FLG (i-FLG) as a transparent electrode for OPV technology.

2.3.3 Triboelectric Energy Harvesting

Another form of energy harvesting that has received a lot of interest in recent years

is triboelectric energy harvesting. This is the harvesting of energy through the

friction or contact between two materials. While this is a relatively new addition

to the selection of energy harvesting methods, it has been shown to exceed both

thermoelectric and pietzoelectric energy harvesting in terms of the power output.

Perhaps the simplest example of the triboelectric effect that many people are

familiar with is the build up of static charge that is observed when you rub two

objects together. For example, a person rubbing a balloon on their hair builds up a

static charge between the two, forming an electrostatic attraction that causes their

hair to stick to the balloon. The process by which the charges are transferred from

the hair to the balloon is known as the triboelectric effect. Similar demonstrations

can be made with a cotton cloth and a PVC pipe, or on a larger scale, a Van de

Graaff generator [74].

There are a number of competing theories as to the exact mechanism by which the

triboelectric effect occurs, whether the charge transfer occurs by transfer of material,

ions or electrons. However, recent work by Xu et al [143] gives strong evidence that
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electron transfer between the two materials is the governing mechanism by which

the effect occurs, though this may not be the case for all triboelectric systems. The

origin of the effect lies in the chemical and material properties of the two materials

in question. When the two materials, A and B, are brought into contact as in figure

2.14a, one material (A) may hold electrons more strongly than the other material

(B). This is because the electrons of material A lie at a lower energy relative to

the vacuum level than in material B. When material A and B come into contact,

there are vacant energy levels present in material A that are lower in energy than

the current occupied energy levels in material B. This causes material B to lose

some of its electrons, transferring them to material A in the process. This produces

an excess of electrons, and hence a negative charge on material A, and a deficit of

electrons and a positive charge on material B. This in turn causes an electric field

between the two materials, which can be used to drive a current and extract energy

from the system. This is the principle that all Triboelectric Nanogenerator (TENG)

devices operate by, although there are a number of different types of TENG that

will be discussed later. The performance of TENG devices is largely determined by

the choice of materials used, which is informed through the triboelectric series.

The Triboelectric Series

The propensity for a material to donate or receive electrons from another material

when the two are brought into contact, has a number of contributing factors. These

include the material’s surface free energy, work function, and chemical composition

along with others [144]. These factors are all summarised in the triboelectric series, a

qualitative order of materials based on whether they donate or accept electrons when

brought into contact with another material [145]. Figure 2.14b shows the position of

a select number of common materials in the triboelectric series. Materials that give

up electrons are known as positive triboelectric materials, and are placed at the top

of the list, whilst materials that gain electrons are known as negative triboelectric

materials and are placed at the bottom of the list. The further apart two materials
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Figure 2.14: a : Triboelectric charge transfer diagram where ECB, EV B and EF

are the conduction band, valence band and Fermi energies, and φ1,2 are the work

functions of materials A and B respectively. Here the two materials (A and B)

start separated with offset Fermi levels. When brought into contact, electrons can

transfer from one material to the other due to the vacant energy levels on Material

A being of lower energy than the filled states of Material B. This charge transfer

can be observed in the form of voltage produced when the materials are contacted

and separated. b: The triboelectric series for a number of commonly used materials

in triboelectric devices.

are in the triboelectric series, the greater the triboelectric charge transfer between

the two of them when they are brought into contact. It is therefore crucial to the

operation of efficient TENG devices that the appropriate materials are selected for

the triboelectric layers. However, as is shown in figure 2.14, the doping level and

Fermi energy are also key factors, meaning that the position of a material in the

triboelectric series can be adjusted by either positive or negative doping. Graphene

is an excellent candidate for this as there are numerous methods available to dope

graphene.

Triboelectric Nanogenerator Devices

The simplest design for a triboelectric nanogenerator (TENG) is that of a single

electrode coated with a dielectric material. Another material is then brought into
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contact with the dielectric and triboelectric charge transfer takes place. As the

materials are separated, the charges on the surface of the dielectric induce charges

in the underlying electrode. As the dielectric and contact triboelectric material are

repeatedly contacted and separated, the device will produce both a current and

voltage response that can be used to power small electrical devices such as basic

sensors and LED lighting [72].

While other more complicated architectures for TENG devices have been inves-

tigate, the devices fabricated in this investigation are all limited to a single dielectric

layer that is brought into contact with the graphene based electrode. However, it

should be noted that large improvements to device performance are observed when

fabricating devices with multiple stacked triboelectric layers.

2D Materials

Thanks to the growing interest in the field of research into 2D materials and their

properties, a number of recent studies have examined a range of 2D materials and

their triboelectric properties. Work by Seol et al. used the triboelectric response

of different 2D materials when combined with a range of polymers to determine

their relative positions in the triboelectric series [82]. This work also demonstrated

that chemical doping of MoS2 can be used to alter the position of the material in

the triboelectric series by changing the work function of the material. In a similar

manner, the doping achieved by intercalation shifts the work function of i-FLG,

potentially changing its position in the triboelectric series.

Graphene has already been the focus of a number of investigations to the use of

2D materials in triboelectric energy harvesting devices. Solution processed graphene

has shown promising use in TENG devices due to its ease of processing and fabri-

cation [72, 79, 146], while reduced graphene oxide based TENG devices have seen

interest for similar reasons [147, 80]. This investigation will instead focus on CVD

graphene, which has seen much less interest for TENG devices.
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Triboelectric Nanogenerator Devices with Graphene Electrodes

As the development of TENG devices is still in its infancy there is a relatively small

pool of research to draw from. Nonetheless, TENG devices have been fabricated with

Graphene electrodes, with the aim being to make use of Graphene’s flexible nature

and highly appealing conductive properties. Shin et al. [148] developed a method of

Graphene electrode fabrication through exfoliation in solution before filtering and

transfer of the electrode to a desired substrate. The TENG devices fabricated as

a result used a Polydimethylsiloxane (PDMS) polymer layer as the triboelectric

material. Using Graphene from a solution processable source is a very appealing

method of fabricating TENG devices as it allows for the easy fabrication of large

area devices with a relatively low material cost. Reduced Graphene oxide has been

used by a number of groups in TENG devices explicitly for this purpose [147, 80].

However, for devices designed to be integrated into wearable on-skin devices, such

as those used in medical diagnostic monitoring, CVD Graphene holds the advantage

as it is much thinner due to being comprised of single or FLG as opposed to many

layers on top of one another [79, 146].

These two methods of Graphene production give exceptional choice to researchers

seeking to design TENG devices for different applications. Low cost, large area

devices (such as those used in harvesting energy from pedestrian or vehicular motion

under pavements or roads) can be easily fabricated from solution processed Graphene

or Graphene oxide. Where devices are used for medical sensing, higher sensitivity

is required, therefore a more conductive electrode is required in the form of CVD

Graphene. This also allows the entire device to be made with an extremely low

thickness, on the order of 100 nm, making them seamlessly wearable by patients. The

performance of such devices and the factors affecting the devices will be examined

in more detail in Chapter 7.
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Experimental Methods

3.1 Introduction

Understanding the methods used in the fabrication and characterization of mate-

rials and devices is crucial in understanding how best to apply those materials to

real world applications, as well as what conclusions can be drawn from the results

presented. Throughout this work, I have strived to follow the fabrication and charac-

terization procedures set out by the research communities in academia and industry.

These can differ depending on the type of device or material being tested due to

specific material requirements limiting the generality of characterization methods.

Therefore, before presenting my results I will give an in-depth look into the fabrica-

tion and characterization methods used throughout. I will begin by discussing the

methods of preparation used in producing graphene electrodes, including the clean-

ing and transfer procedures used throughout this work for both small and large area

graphene samples. I will then discuss the fabrication methods used to produce the

devices, including Hall bars for electrical characterisation, organic solar cells, and

triboelectric nanogenerators. Finally, I will discuss the characterisation techniques

that are used, both for the characterisation of graphene’s material properties (such as

Raman spectroscopy and resistance measurements), and for device characterisation

of the energy harvesting devices produced in this work. Any methods specifically

developed for the work carried out in this thesis, however, are covered in their own
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respective chapters.

3.2 Fabrication - Graphene Electrode Prepara-

tion

The preparation of graphene for intercalation and subsequent device fabrication

follows the same strategy, with slight differences depending on the type of graphene

being used, the device being fabricated and the purpose of its fabrication. In general,

the process is as follows: Transfer of graphene from growth substrate to a suitable

substrate for intercalation, intercalation with FeCl3, fabrication of devices. Two

types of CVD grown FLG films were purchased from Graphene Supermarket, 1 cm

× 1 cm graphene samples and 4 inch diameter wafers of graphene, both grown on

Ni/Si/SiO2 substrates.

To intercalate a sample of graphene, it must first be transferred from its growth

substrate. This is because the Ni growth catalyst is corroded by the FeCl3 vapour

produced during intercalation [149]. Therefore, the graphene film is first transferred

to a glass or quartz substrate, as these can withstand the temperatures of interca-

lation and remain unaffected by the FeCl3 gas. These substrates also allow for the

use of the intercalated graphene as a transparent electrode . Once intercalated, the

i-FLG film can be transferred to flexible substrates, as I shall discuss later.

3.2.1 Substrate Cleaning and Preparation

Rigorous substrate cleaning was employed to ensure as little contamination as pos-

sible before intercalation, as the results of intercalation can be heavily dependent

on the sample being free from contaminants. Substrates were cleaned by sonication

in De-Ionized (DI) water inside a heated sonication bath for 30 minutes. An N2

gun was then used to dry the substrates, before they were placed in heated Acetone

(70°C) for 30 minutes. Substrates are then removed and dried with an N2 gun again,

before being placed in heated Isopropyl Alcohol (IPA), also at 70°C for a further 30
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minutes. The substrates are then removed and dried for one final time, before being

cleaned using Reactive Ion Etching (RIE).

A moderate strength Oxygen plasma was used for substrate cleaning. The pri-

mary function of this plasma is to removes chemical residues that may be present on

the surface of the substrate, leading to a clean surface for the transfer of graphene.

However, RIE treatment with Oxygen plasma also introduces Oxygen contain-

ing groups onto the surface of the substrate, improving the adhesion between the

graphene and substrate upon transfer.

Graphene films are first protected by spin coating a layer of Polymethylmethacry-

late (PMMA, A4 495k) of approximately 300 nm thickness onto the graphene. The

sample is then desiccated for 30 minutes to ensure the Anisole solvent in the PMMA

film has dried. The edges of the sample are then scraped with a scalpel, damaging

the edges of the PMMA film such that the etchant solution can penetrate under-

neath the graphene and etch the Ni catalyst. The samples are then blow dried

with N2 to remove any particles of Ni or Si/SiO2 generated from this scraping from

the surface of the sample. The sample is now ready for chemical etching of the Ni

catalyst and transfer to a suitable intercalation substrate.

3.2.2 Small Area Graphene Transfer

The following method of graphene film transfer was first developed and used to

transfer graphene grown by Chemical Vapour Deposition (CVD) from its growth

substrate to a desired substrate [150, 151]. It has become one of the most widely

used methods of graphene preparation due to the ease in which it can be carried out,

the range of substrates that can be used and the quality of graphene that can be

retained through its use. However, there are a number of drawbacks to this method

that will be discussed later.

Once a graphene sample has been coated in PMMA, a 1M solution of FeCl3 is

made up to etch the Ni catalyst layer. This solution is prepared by mixing crystals

of hydrated iron chloride with DI water and mixing with a magnetic stirrer bar
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Figure 3.1: Flotation aided transfer: a process by which suspended graphene films

are lifted from the surface of a DI water bath in order to transfer them to a desired

substrate (xy)

for 24 hours. The solution is then vacuum filtered through filter paper (Whatman,

5.5 cm diameter) to remove any undissolved particles of iron chloride from solution.

Graphene samples are placed on the surface of the etchant solution, a pair of tweezers

are used to press the corners of the sample into the solution, ensuring the solution

is contacting the Ni layer along the whole of the perimeter of the sample. As the Ni

film is very thin it does not take long to etch, for 1 cm × 1 cm samples the process

takes as little as a couple of hours but can take much longer for larger samples. Once

the etch is fully completed the underlying Si/SiO2 substrate will detach from the

floating graphene/PMMA film and fall to the bottom of the etchant solution. At

this point, the etchant solution can be diluted with DI Water to aid in cleaning the

graphene samples, and make their removal from the surface of the solution easier.

The graphene sample is then removed from the etchant solution and floated on the

surface of a beaker of DI Water, using a small container to scoop up the floating

graphene film and deposit it in the new beaker. This step is repeated 5 times to

ensure all FeCl3 contaminants have been removed from the sample.

The graphene can now be transferred from the surface of the DI water to the

freshly cleaned substrate. This is carried out by flotation aided transfer, where

the etched graphene film is floated on the surface of a DI water bath and a clean

substrate used to lift the graphene from underneath [150, 152, 153]. A schematic
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of this process is shown in figure 3.1. The adhesion between the graphene and the

substrate allows the graphene film to readily stick to the substrate. However, care

must be taken when lifting the graphene from the surface of the DI water, as lifting

the substrate too quickly can cause damage to the sample. Once the graphene is on

the glass substrate it is left to dry in air before being desiccated. At this stage there

is a thin film of water between the substrate and the graphene, it is important to

ensure this water is completely dried before desiccation as any droplets of water that

remain under the film will cause damage to the graphene film during desiccation.

After 30 minutes of desiccation, the sample can be annealed, which is carried out

at 150°c for 10 minutes. This serves two purposes as it simultaneously bakes the

PMMA film as well as ensuring the graphene adheres to the substrate. Once the

sample has cooled, the PMMA is removed by washing in warm Acetone (70°C for 3

hours) before being rinsed in IPA (70°C for 30 minutes). The clean graphene sample

is then desiccated until it is loaded into the intercalation tube.

3.2.3 Intercalation of Few Layer Graphene with FeCl3

Intercalation is the process by which a chemical or atomic species (in this case FeCl3)

penetrates between the layers of another material [112], leading to a doping of said

material. The effect of this intercalation is a very strong doping of the graphene

and a massive reduction in sheet resistance [60, 62], making the resulting material

extremely appealing for use in flexible photovoltaics [154].

A three zone furnace was used to control the temperatures of both the intercalant

(FeCl3) and sample (FLG), a diagram for which is found in figure 3.2. The sample

and intercalant are first loaded into the intercalation tube, a 3cm diameter glass

tube, in zones 2 and 1 respectively. Zone three is left empty for purposes that will

be explained later. Before intercalation, the furnace is pumped down using both a

rotary and turbo vacuum pump, to a pressure of 1×10−6 mbar, ensuring all water

vapour is removed before heating. This is crucial to successful intercalation as FeCl3

is extremely hygroscopic, readily absorbing moisture from the atmosphere, so humid
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Figure 3.2: Intercalation furnace schematic labelled with the three zone tempera-

tures used for standard intercalation procedures. The positions of the FeCl3 powder

and graphene sample inside the quartz tube are also shown, these positions were

held fixed throughout this investigation.

conditions interfere with intercalation. All zones are then heated at a constant rate

of 10°C/s, up to temperatures of 315°C (Zone 1), 360°C (Zone 2), and 300°C (Zone

3). As FeCl3 sublimates at 315°C, it will remain in a gaseous state in zones 1 and

2 but will then condense in zone 3. This prevents the FeCl3 vapour condensing on

the sample, leading to cleaner samples with a greater degree of intercalation. This

results in the majority of the FeCl3 vapour condensing at the end of zone 3, where

the intercalation tube is at its coolest. Samples are held at the aforementioned

temperatures for 8 hours before the tube is cooled at a rate of 10°C/s. At this stage,

the tube can then be vented and the sample removed.

As I shall further investigate in chapter 4, intercalation with FeCl3 is a very

reactive process. This means that any organic material residues or contamination of

the sample or intercalation equipment can lead to unwanted reactions taking place,

resulting in aggregates forming on the sample’s surface. The presence of these

aggregates adds to the roughness of the i-FLG film, which can negatively impact
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device function, even short circuiting devices. In addition, the oxidation of these

aggregates produces a thick insulating layer on the surface of the i-FLG. To mitigate

the risk of this occurring, graphene samples are placed in a desiccator immediately

after intercalation. After 30 minutes under vacuum the graphene is washed in warm

IPA (70°C) for 5 minutes, before being dried with an N2 gun.

Kieran K Walsh 53



Chapter 3

3.3 Device Fabrication

A number of different devices were fabricated to investigate the impact of using

graphene in energy harvesting devices. The first devices characterised were samples

of i-FLG, patterned into Hall bars. These devices were fabricated to characterise

the electrical properties of i-FLG samples. OPV devices with both ITO and i-FLG

electrodes were fabricated to assess the utility of i-FLG as a flexible transparent elec-

trode. Finally, Triboelectric Nanogenerators (TENGs) were fabricated using both

large area i-FLG samples and solution processed graphene electrodes to investigate

the use of graphene electrodes in triboelectric energy harvesting.

3.3.1 Hall Bar Fabrication

Figure 3.3: Lithographic process used in the fabrication of i-FLG Hall bar devices

used in magneto-transport measurements. Running from a to f , this process allows

the patterning of graphene Hall bar devices, which can then be intercalated and

contacted to measure the charge transport properties of the material.

FLG samples were patterned into 6 terminal Hall bars by means of UV laser writing

lithography, magneto-transport measurements were then used to characterize carrier

type, density and mobility by the Hall Effect [155]. Small sections of large area

FLG samples were fabricated into 6 terminal Hall bars using laser writing of a

polymer mask and photoresist before developing the mask and etching it using

RIE (process shown in figure 3.3). First, Polydimethylglutarimide (PMGI) is spin
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coated onto the graphene at 4000 rpm before being baked for 5 minutes at 150°C.

The photoresist S1813 was then spin coated at 4000 rpm and baked for 1 minute at

115°C. Together, these polymers form the positive photoresist, meaning that areas

of the resist exposed to UV laser (405 nm, 5 µm spot size) in the writing process are

then removed in the development stage. Development was carried out by submerging

samples in the developing agent MF319 for 30 seconds before transferring them to

DI water for 30 seconds. Samples were then dried using a nitrogen gun. This left

photoresist patterned into the desired Hall bar shape on the surface of the graphene,

and uncovered graphene over the rest of the substrate. RIE was then used to remove

this unwanted graphene, using a high energy O2 plasma. Undeveloped resist was

then removed by washing in N-Methyl-2-pyrrolidone (NMP) for 30 minutes at 60°C,

before replacing the NMP with fresh NMP for a further 30 minutes. Finally, the

samples were washed in Acetone and IPA, each for 10 minutes at 70°C.

Once FLG samples had been patterned into Hall bars they were intercalated

following the procedures previously outlined. Once intercalated, another photoresist

is applied in the same manner as before and the laser writer used again, this time

to pattern a shadow mask to apply Cr/Au contacts by thermal evaporation. After

patterning, the photoresist was developed, leaving holes over the graphene contact

pads. The sample was then loaded into a HVV thermal evaporator and the chamber

pumped down to a pressure of 10−6 mbar. 5 nm of chromium followed by 50 nm of

gold were then deposited onto the graphene by thermal evaporation. At this stage,

the device can be contacted to the chip carrier and characterized.

3.3.2 Organic Photovoltaic Device Fabrication

Fabrication of organic photovoltaic devices was carried out in a glovebox with a

supply of nitrogen to provide an inert atmosphere for the organic materials being

used in fabrication. The glovebox used, however, did not hold the nitrogen atmo-

sphere for long, and regular measurements of both the oxygen and water content of

the glovebox were made. Nitrogen purges and regenerations were used to manage
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the O2 and water content, and devices were only fabricated when O2 concentration

was below 50ppm, and water content having a boiling point of -70°C (equating to

an internal pressure of 1 Bar below atmospheric pressure). However, between fab-

rication steps the nitrogen atmosphere would not hold and the level of both water

and oxygen content would increase. Therefore, many of the devices produced for

this investigation were not produced under ideal conditions which is likely to impact

the results gained from them. In addition, although fabrication in an inert atmo-

sphere prevents a number of degradation mechanisms OPV devices are susceptible

to, there remain a number of processes that can still lead to reduction in device per-

formance and even complete device failure [156] such as photo-induced degradation

mechanisms.

Towards the end of the fabrication process for these devices, the glovebox was

repaired such that it would hold a N2 atmosphere for much longer without increasing

concentrations of O2 and water. This made the conditions inside the glovebox much

easier to control and reduced the incidence of devices being prepared under poor

conditions.

Materials

Materials used in the fabrication of organic solar cells were purchased from Ossila

Ltd. with the exception of ZnO and the aluminium and gold used in metal con-

tact evaporation. Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-

diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) from batch

214 and [6,6]-Phenyl-C71-butyric acid methyl ester (PC70BM,95%) from batch 113

were used as the organic donor and acceptor compounds respectively [140]. The

chemical structures for these two materials are shown in figures 3.4a and 3.4b respec-

tively. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, HTL

Solar 1) was purchased from Ossila but was manufactured by Heraeus CleviosTM and

used as the HTL. PEDOT:PSS was selected as a hole transport layer for use in both

ITO and i-FLG based devices so that the only difference between the devices was
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the electrode. This allows the performance of the electrode to be directly compared.

Due to the high work function of i-FLG, it is possible that PEDOT:PSS free devices

would perform better than those with a PEDOT:PSS HTL. However, this would

change the fraction of light that entered the BHJ of the solar cell, making it difficult

to directly attribute differences in the performance of the devices to the electrodes

alone. Aluminium doped ZnO solution was purchased from Avantama and was

used as the ETL. ITO coated quartz substrates were purchased from Ossila, along

with quartz substrates for the transfer of Ni-CVD graphene, as discussed previously.

Dichlorobenzene (DCB), Diiodooctane (DIO), Acetone and Isopropyl Alcohol (IPA)

were purchased from Fisher Scientific and used throughout the fabrication process.

(a) PTB7 molecular structure
(b) PC70BM Molecular structure

Figure 3.4: Molecular structures of the OPV materials making up the BHJ in the

OPV devices produced in this investigation.

Bulk Heterojunction Solution Preparation

Before fabrication, the bulk heterojunction (BHJ) solution must be prepared. As

this layer is comprised of the active photovoltaic materials in the device, it is crucial

to take care during solution preparation in order to fabricate working devices. In-

structions for how to prepare the solution, concentrations of each compound used,

as well as spin coating and annealing parameters for each layer were taken from

the Ossila website and adapted where needed. The fabrication parameters, such as
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blend ratio of the donor:acceptor and concentration of DIO solvent additive, have

been studied extensively and optimised in previous works [157].

Firstly, 15 mg/ml of PTB7 is added to DCB and stirred continually in the dark

with magnetic stirrer bar. A slightly elevated temperature of 50°C was used to

ensure all the PTB7 dissolved into solution. After 1 hour of mixing 10 mg/ml of

PC70BM was added and mixed for a further hour, before adding a 1:1 mixture of

DCB and DIO such that the final solution contains 3%/vol DIO. DIO has been

shown to be a useful secondary solvent in the fabrication of high efficiency OPV

devices. DIO preferentially solvates PC70BM, and has been shown to reduce the

incidence of fullerene aggregates [10]. It has also been shown to act as a plasticising

agent and coarsen domain sizes during its removal through thermal annealing [158],

producing an improved BHJ morphology and leading to increased device efficiencies

[130, 157, 159] and greater quantum efficiencies [9]. Once made, the BHJ solution

was kept stirring in the dark at a temperature of 70°C in order to prevent the

formation of polymer aggregates.

Substrate preparation

In order for good success rates of working devices, substrates must be thoroughly

cleaned before being used in fabrication. Cleaning steps vary slightly between ITO

and quartz substrates. Both ITO and quartz substrates were purchased from Ossila

ltd., with ITO substrates having a nominal sheet resistance of 20 Ω/sq and surface

roughness of 1.8 nm, and quartz substrates having a nominal surface roughness of

1 nm.

ITO substrates were first sonicated in DI water for 30 minutes to remove any dust

or particulates on the ITO surface. A substrate rack was used in order to sonicate

the maximum number of ITO substrates at one time without risk of damaging the

substrates on each other during sonication. Substrates and rack are then transferred

to a warm solution of Acetone (70°C for 30 minutes), this removes most common

organic contaminants such as oils from human skin that may have residues on the
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substrates. Finally, the substrates and rack are transferred to warm IPA (70°C for

30 minutes) to rinse off any acetone/organic residue remaining on the substrates.

After this, the substrates are removed from the rack and are dried using N2 gun.

Finally, ITO substrates are loaded into a JLS Reactive Ion Etcher (RIE), where

they are exposed to a high power oxygen plasma (50 sccm, 100 W for 10 minutes

30 seconds). This removes any contaminants still remaining on the substrate, as

well as raising the work function of the ITO by replacing any oxygen vacancies that

formed on the surface. The substrates are then desiccated before being loaded into

the glovebox for fabrication.

The key difference for preparation of quartz substrates is that graphene must be

transferred on to the substrate and intercalated before device fabrication can take

place. While the cleaning procedure is the same as for ITO, the RIE recipe used

is much more mild, instead using a 30 W plasma for two 30 second periods one

after the other. Graphene transfer and intercalation followed the same procedure

as previously described in section 2.3. After graphene transfer and intercalation

the samples are loaded into a custom built substrate holder to apply a gold contact

strip down the long edge of the substrate. This allows the use of our characteri-

zation setup’s push-fit test board without damaging the graphene electrode. Once

in the sample holder, strips of aluminium foil are cut and taped into place over

the graphene, leaving only a thin strip of graphene exposed to be contacted by the

gold (discussed later). Before loading into the glovebox, the intercalated graphene

electrode on quartz is first exposed to a short treatment (5 minutes) of UV/ozone

exposure to aid in the spreading and coverage of the PEDOT:PSS layer.

Spin coating OPV Layers

Optimal thickness for each OPV layer were taken from the Ossila website and are

not tested or compared in this work. The speed of the spin coater used in this inves-

tigation is limited to 5000 rpm, this speed was insufficient to produce PEDOT:PSS

films thin enough for use in OPV devices. To achieve the desired thickness of 30-
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40 nm the PEDOT:PSS solution must first be diluted with DI water, making up

a 3:1 mixture of PEDOT:PSS solution and DI water. It was also found that the

PEDOT:PSS layers being fabricated contained aggregates, even if the solution had

been filtered (0.45µm PTFE syringe filter). Therefore, PEDOT:PSS solutions were

sonicated for 1 hour before use and then filtered twice before spin coating. While

this greatly reduced the occurrence of aggregates and their size, some aggregates

persisted, leading to varying device success rates. Optimal thickness was obtained

with a spin speed of 2400 rpm, which is used throughout this study. After spin

coating a high purity cotton swab dipped in DI water is used to clean PEDOT:PSS

off the ITO/Au contact strip. The sample is then annealed at 150°C for 5 minutes

to remove any water trapped within the PEDOT:PSS layer, before being allowed to

cool.

An hour before spin coating the active layer, the stirring temperature of the BHJ

solution was increased to 80°C, as this helped disperse aggregates formed in the

solution. Organic BHJ layers were spun at 1200 rpm to achieve a desired thickness

of 90 nm. 25 µl of solution was pipetted onto the spinning substrate and was left

to spin for 2 minutes to allow the film to dry. Once dried, the cathode strip was

again wiped with a high purity cotton swab, this time wetted with IPA to remove

excess OPV solution. Care was used to ensure no solvent from the swab penetrated

into the film or wiped the active area of the device. Samples were then left in the

glovebox to further dry for at least 2-3 hours before the ETL was applied.

A solution of Al doped ZnO in IPA was used as the ETL, and was spun at 2700

rpm to achieve the desired thickness of 30 nm. After spin coating a high purity

cotton swab that had been wetted with IPA was used to clean excess ZnO from the

contact strip, again taking care not to damage the active layers of the device. Once

wiped, the device was annealed at 140°C for 10 minutes. This annealing stage not

only anneals the ZnO layer, but also aids in removing any remnant DIO solvent

from the active layers of the device. Once annealing is complete the samples are left

to cool before being moved to a desiccator for at least 1 hour prior to evaporation
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of metal contacts.

Metal Contact Evaporation

Metal contacts and contact strips were applied to the samples and substrates using

an HVV thermal evaporator. This evaporates a desired metal through Joule heating

of a metal boat or ceramic crucible such that the rate of evaporation can be controlled

by the user through control of the current. For standard geometry devices, a low

work function metal such as Aluminium is required to act as the cathode. This is

usually used in combination with a thin layer of Calcium to act as a sticking layer

to aid in charge extraction. While it was possible to evaporate Aluminium in the

thermal evaporator used, Calcium could not be evaporated and so was not used in

any devices. This is likely to impact on the efficiency of devices produced, but is

consistent for all devices. Al contacts were deposited through a custom built shadow

mask at a rate of 0.5–1.0 Å/s for a total final thickness of 100 nm. It should be

noted that a number of different designs of evaporation vessel were tested during

this investigation, including a tungsten basket, tungsten boat, tungsten box with

a perforated lid, and finally a ceramic crucible. When melting, Aluminium would

commonly flow out of whatever container it was in and either corrode the container

(preventing current flowing and halting the evaporation) or would short circuit the

machine. This caused a number of contact evaporation procedures to end before the

desired thickness of contact was reached, causing some devices to have much thinner

contacts than others (in the range of 20–60 nm). Once the contacts are deposited

the devices are moved back into a desiccator, ready to be characterized.

Thermal evaporation was also used for depositing a contact strip onto the i-FLG

electrode so that it could still be contacted after deposition of organic layers. For

this, a 100 nm Gold contact was used with a 5 nm sticking layer of Chromium to

aid in adhesion to the graphene. Metals were deposited at a rate of 0.5 Å/s, none

of the problems experienced with Aluminum occurred when evaporating Gold or

Chromium.
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OPV Device Design

Due to differences in the patterning of the ITO electrodes and i-FLG samples, two

OPV device designs were used. These designs are shown in figures 3.5a and 3.5b,

for ITO and i-FLG devices respectively.

(a) ITO Device

(b) i-FLG Device

Figure 3.5: OPV device designs with a. ITO electrodes, and b. i-FLG electrodes.

Substrate dimensions were 2 cm × 1.5 cm but device active areas varied due to

variation in overlap between anode and cathode. This was particularly necessary

for i-FLG electrode devices as the position of the i-FLG electrode was subject to

variation during the transfer process. As such, device dimensions were measured

prior to IV characterisation for all devices.

Two types of ITO based solar cells are used, one on quartz with electrodes

and contact strip pre-patterned and the other using unpatterned ITO on PET. The

pre-patterned ITO samples are designed to produce 8 individual devices per sample,

with the metal cathode being applied as a single strip down the centre of the sample,
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overlapping with the contact strip (figure 3.5a). The active device areas are then the

regions where this central metal strip overlaps with the patterned ITO underneath.

For unpatterned ITO samples on PET, ITO must be removed from the edges and a

contact strip applied perpendicular to the central ITO strip. The metal electrodes

are then evaporated through a mask, patterning them into 8 individual contacts

and defining 8 active device areas where they overlap with the ITO electrode. For

i-FLG based OPV devices, the design is the same regardless of whether on quartz

or PET. This is because the same 1 cm×1 cm samples were used for both, making

it far easier to pattern the electrodes by evaporating the metal contacts through a

mask than by first patterning the i-FLG and depositing a single metal contact strip.

A schematic for the i-FLG device design is shown in figure 3.5b

3.4 Characterisation

The accurate characterization of materials and devices is crucial in developing energy

harvesting devices. Here I will describe the experimental methods used to charac-

terise the properties of graphene electrodes prepared by fishing method, large area

transfer and solution processing. Methods for the characterisation of both photo-

voltaic and triboelectric devices fabricated using these graphene electrodes are then

explained.

3.4.1 Electrical Characterisation of Graphene Electrodes

Characterising the electrical properties of graphene electrodes is key to understand-

ing how they will perform in devices. Resistance measurements were carried out

using both 2 and 4 terminal measurements. Both varieties of measurement were

carried out using a Keithly 2400 source measurement unit so both source a voltage

and measure the resulting current simultaneously.

2 terminal measurements were carried out using the transfer length method,

where multiple contacts are placed along a conducting channel of a material at
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Figure 3.6: Diagram showing the measurements made for resistance measurements

made with the transfer length method. Metal contacts (gold vertical bars) are

applied to the sample at varying distances (l) apart. Two terminal resistance mea-

surements are then made and are plotted against the length between the terminals,

divided by the width of the sample.

varying distances, as shown in figure 3.6. A voltage is then sourced across two of

these contacts and the resulting current measured. Using Ohm’s law, a resistance

can then be calculated.

V = IR (3.1)

This is then repeated for all pairs of contacts along the conducting channel. The

resistance measured can then be plotted against the distance between the two cor-

responding contacts. As the distance between the contacts increases, the resistance

measured increases linearly following the equation,

R = Rs
L

w
+ 2Rc (3.2)

where Rs is the sheet resistance, L is the distance between the two contacts, w is

the width of the conducting channel and Rc is the contact resistance where the

two contacts meet the graphene channel. From a linear plot of resistance against

length/width ( l
w

) both the sheet resistance and contact resistance can be found from

the gradient and intercept values respectively. A conductive graphene channel was

defined using a scalpel to cut a channel of known width into the graphene electrode.

Silver paint (RS Components) contacts were then applied and the distances between

them measured. Tungsten electrical probe tips were used to contact the silver paint
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by carefully lowering them onto the silver contacts, taking care not to damage the

contacts or the graphene film.

Figure 3.7: Diagram of 4 point probe resistance measurement. Here, a current is

sourced between the two outer probes and the voltage is measured between the two

inner probes. The contact resistance (Rc) and wire resistance (Rw) are not included

in the resistance measurement.

4 terminal measurements were carried out using a Signatone S-302-4/SP4 4 point

probe system. This measurement functions by placing 4 equally spaced probe con-

tacts on the surface of the sample to be measured. A DC current is then sourced

between the two outermost contacts and a potential difference measured between

the two inner contacts, allowing for the measurement of resistance. This measure-

ment is shown in figure 3.7, where Rs is the sample resistance between the probes,

Rc is the resistance of the contacts, and Rw is the resistance of the wires leading to

each of the 4 probes. By using this method, the contact and wire resistance can be

eliminated, making this a more reliable method of sheet resistance measurement. A

geometrical correction factor must then be applied to account for sample shape. For

samples where the separation between the probes and sample thickness are much

less than the lateral dimensions of the sample, a correction factor 4.5324 ( π
ln 2

) is

used. This is due to the

Kieran K Walsh 65



Chapter 3

3.4.2 Magneto-transport Measurements

In addition to the resistance measurements that were also carried out on the vari-

ous types of graphene electrodes produced here, magneto-transport measurements

were carried out to characterise other electrical properties of the i-FLG electrodes,

including the carrier mobility and charge carrier concentration of the graphene sam-

ples. Magneto-transport measurements were carried out in two different manners,

one using Van der Pauw geometry (figure 3.8) and the other using the classic Hall

bar geometry.

Van der Pauw Measurements

Figure 3.8: Schematic for Van der Pauw sheet resistance measurements in a square

geometry. The dark grey area signifies the sample area, with the gold markers on the

corners of the sample being where the contacts are positioned. Other measurement

geometries are also usable, however all samples characterized by this method were

1 cm × 1 cm squares.

Van der Pauw magneto-transport measurements were made by Dr. Christos Melios

using a custom built Mageto-Transport measurement set-up specifically designed

for making environmental transport measurements. Using this set-up the user can

measure sheet resistance, charge carrier concentration and carrier mobility. Devices
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tested were limited to a 1 cm ×1 cm geometry, this was due to the positioning of

the gold plated, half-sphere contacts used to contact the corners of the samples. By

limiting samples to this geometry it allows Hall effect measurements to be carried out

without any fabrication of Hall bars being required. This removes the possibility

of doping the graphene through contamination with polymers used in fabrication

procedures. Sheet resistance values were measured without the use of magnetic

field, applying a current (100 µA, fcurrent=96 Hz) between two adjacent contacts

and measuring the voltage across the other two. This is then repeated for each pair

of adjacent contacts, allowing the calculation of the sheet resistance as follows:

R43,12 =
V43
I12

(3.3)

Ra =
R43,12 +R34,21 +R12,43 +R21,34

4
, Rb =

R32,41 +R23,14 +R41,32 +R14,23

4

(3.4)

e
−πRa
Rs + e

−πRb
Rs = 1 (3.5)

where equation 3.5 can then be solved numerically for Rs. Measurement of the

carrier mobility and concentration must be done in the presence of a magnetic field

to trigger the Hall effect. An electromagnetic coil is used to achieve this, producing

a DC magnetic field and allowing the measurement of the Hall voltage (VH). A lock

in amplifier is used for measurement of the voltage for both sheet resistance and

Hall effect measurements.

The charge carrier concentration and carrier mobility can then be calculated

using the Hall voltage as follows:

RH =
VHt

IB
= − 1

ne
(3.6)

µ =
RH

RS

(3.7)

where RH is the Hall resistance, t is the sample thickness, B is the strength of the

applied magnetic field, n is the charge carrier concentration and µ is the carrier
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mobility. The Hall voltage is calculated by measuring the voltage between opposite

corners of the sample (such as 1 and 3), with the current flowing between the other

two corners (2 and 4). This is repeated twice for each set of opposite contacts, as

well as for the magnetic field being applied in positive and negative z-directions with

respect to the x-y plane made by the sample. The Hall voltage is then given by:

VH =
(V +

24 − V −24) + (V +
42 − V −42) + (V +

13 − V −13) + (V +
31 − V −31)

8
(3.8)

where the + and - signs indicate the direction of the applied magnetic field.

Hall Effect Measurements

Small sections of large area FLG samples were fabricated into 6 terminal Hall bars

using laser writing of a polymer mask and photoresist before developing the mask

and etching it using RIE (described in section 3.3.1). Once patterned into Hall

bars, FLG were intercalated following the procedures previously outlined. After

intercalation, another photoresist is applied in the same manner as before and the

laser writer used again, this time to pattern a shadow mask to apply Cr/Au contacts

by thermal evaporation. Once contacts are deposited the sample is mounted to a chip

carrier, the Cr/Au contacts are connected to the carrier pins via bonding with gold

wire. This stage, as well as the following characterisation of the magneto-transport

properties of the samples were carried out with the assistance of Dr. Adolfo De

Sanctis.

The sample and chip carrier were mounted into a magnetic field chamber for

room temperature magneto-transport measurements. A diagram of the hall effect

is shown in figure 3.9. An AC current (I) is sourced along the channel length by

applying a source drain bias of 3 V, with a ballast resistor (1 MΩ) placed in series

with the sample. A perpendicular magnetic field (B) is then applied, causing a

Lorentz force to be applied to the electrons flowing along the channel. This causes

the charges flowing in the channel to deviate from their linear path (shown by

the dotted arrow in the figure), causing the build up of charges on the edges of the
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Figure 3.9: Diagram to illustrate how Hall effect measurements were carried out.

The channel of material being characterized (grey) is placed in a magnetic field

chamber and has a current passed through it, perpendicular to the direction of the

applied magnetic field. The Lorentz force experienced by charges in the channel

then causes a build up of voltage, perpendicular to both the current and magnetic

field. This voltage can be used to calculate the Hall resistance and hence the charge

carrier concentration, sheet resistance and carrier mobility.

channel, producing a voltage. The voltage parallel (Vxx) and perpendicular (Vxy) to

the applied current are measured by means of a lock-in-amplifier. By measurement of

Vxy and the current flowing across the sample, the Hall resistance can be calculated,

which allows for the measurement of the charge carrier concentration using equation

3.6. Vxx is used to calculate the sample’s sheet resistance using Ohm’s law.

Rs =
Vxx
I

(3.9)
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3.4.3 Optical Characterization of Graphene Samples

While the electrical characterization of graphene electrodes is crucial to their ap-

plications, so too is their optical characterization. This can take many forms, but

for the purposes of this work optical characterization involves optical microscopy,

transmission measurements and Raman spectroscopy

Optical Microscopy

Optical microscopy was used throughout OPV device fabrication to assess the effect

of changing parameters in the spin coating, solution preparation and mixing, and

ozone treatment stages. These images were used to inform the changes being made

to fabrication steps. Typically, a ×5 magnification was used to image large areas

of the films, however ×10 and ×20 magnifications were also used to image indi-

vidual particle aggregates. A ×50 magnification was used when imaging individual

graphene domains or particularly small aggregates. In addition to this, optical mi-

croscopy was also used to investigate damage to OPV devices caused by repeated

bending cycles, such as cracks in the ITO electrodes or delamination of OPV layers.

Raman Spectroscopy

As was discussed in chapter 2.2.3, Raman spectroscopy is a technique where vibra-

tional energy transitions in a material are triggered by the scattering of incident

photons. This causes a shift in the wavenumber of the scattered light, compared

to the incident light. This is known as the Raman shift, and signifies energy level

transitions between different Raman active vibrational modes. In graphene samples

there are three main Raman active modes that are seen in the majority of Raman

spectra; these are the G-peak (1580 cm−1), the D-peak (1350 cm−1) and the 2D-

peak (2700 cm−1). By measuring the exact position and intensity of these peaks in

graphene samples it is possible to access a lot of information about the properties

of the sample, such as number of layers [160], doping [161], defect density [161, 94]

and many others, without risking damage to the graphene sample. In this section,
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I shall describe the general method by which Raman Spectra were collected, before

expanding upon this method later in Chapter 4.

Throughout this investigation, Raman spectroscopy was carried out using a mul-

tipurpose microscope, custom built specifically for the purpose of characterizing

optoelectronic devices built from 2D materials (figure 3.10) [162]. A calibration

spectrum is first taken from a sample of Si/SiO2, which gives a characteristic peak

at 520 cm−1. This allows the exact wavelength of the laser being used to be cali-

brated for, as small variations in this wavelength can cause large variations in the

positions of graphene’s characteristic Raman peaks. A 30–50 mW, 514 nm laser

was used, with a 2 second exposure time and a spot diameter of approximately 1

µm. It should be noted that most graphene samples would be somewhat damaged

if exposed to this intensity, however i-FLG can withstand much higher levels of irra-

diation before showing any damage, making this intensity suitable. This setup was

not capable of measuring the entire Raman spectrum of graphene in one measure-

ment, and instead had to measure regions of interest of the spectrum. As such, to

measure the complete spectrum, two measurements were collected over regions of

interest covering the D and G peaks in one, and the 2D peak in the other.

In this thesis, Raman spectroscopy is primarily used to characterize the doping

and defects in graphene samples. This is done through two similar methods for both

the doping and defect densities. Doping of the graphene samples can be detected in

the Raman spectrum by a shift in the G-peak. This is caused by a stiffening of the

G-peak phonon caused by a shift in the Fermi energy of the graphene sample that

results from the doping. In intercalated graphene, the doping is dependent on the

extent of the intercalation between the layers of graphene. Each Raman spectrum

samples all the graphene environments present within the laser spot area, meaning

the resulting spectrum is an aggregate of the individual spectra from each layer of

graphene. This results in the G-peak of intercalated graphene being a composite

peak of each of the G-subpeaks created by different doping environments. As has

been previously shown, pristine graphene results in a G-peak centred around 1580
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Figure 3.10: 3D model of the multipurpose microscope used for the characterization

of samples by Raman spectroscopy. The 514 nm laser exits the laser bank (yellow)

and is directed onto a Beam Splitter (BS). 50% of the beam is then shone on the

sample mounted on the stage, the other 50% of the beam is reflected off the flip

mirror (FM). The Raman light from the sample then passes back through the BS

and is reflected by the FM. The source light from the laser is then filtered out using

a 514 nm notch filter in the Drop in Filter (DiF) slot, while the Raman light is able

to enter the spectrometer (purple). Here, the beam is collimated by a collimating

mirror, before being diffracted by the diffraction grating in the spectrometer. The

diffracted beam is then focused on to the Charge Coupled Device (CCD) from a

focusing mirror, where signals of different wavelengths can be detected. Figure

reproduced with permission (AIP Publishing)
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cm−1, graphene doped by a single layer of FeCl3 results in G-peak around 1612 cm−1,

and graphene doped on either side by FeCl3 results in a G-peak around 1625 cm−1.

The resulting doping associated with each shift value can be calculated from the

work of Lazzeri et al. [98], however the sensitivity with which this can be performed

reduces with increasing Raman shift values. I will go on to further expand upon

this method by using Raman mapping to produce maps of the composite G-peak

shift values to spatially characterize the degree of intercalation.

Another key parameter in the characterization of graphene samples is the defect

density. This can have a profound impact on many properties of the graphene

sample, including the electron/hole mobility, sheet resistance and, depending on the

type of defect, the surface properties of the sample. The D-peak in the Raman

spectrum of graphene is triggered by the presence of defects, and therefore has a

smaller peak area for samples of graphene with lower defect densities. While this is

difficult to accurately quantify, by calculating the ratio of peak intensities for the D

and G peaks, one can estimate the ratio of active defect sites to the total number

of graphene environments. This has previously been measured, showing different

varieties of defects to be characterized by different D and G peak intensity ratios

[94, 163]. This method is later expanded upon and used to map the defect density

across large sample areas, as will be discussed in Chapter 5. Characterisation of

defects was carried out using a script prepared by Miss Gabriella Prando, which

analyses the intensity of the G and D peaks using peak fitting similar to what has

previously been described for the characterization of the G-peak.

3.4.4 Transmission measurements

Measurements of the transmission spectra of i-FLG samples were made using the

same custom built, multipurpose microscope as was used to collect Raman spec-

tra (figure 3.10) [162]. The transmission of light from a white Light Emitting Diode

(LED) through the i-FLG sample was measured across a range of wavelengths cover-

ing the visible spectrum. A calibration measurement was first made on a clean quartz
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substrate, which was then subtracted from the transmission through sample and sub-

strate. By measuring the transmission intensity through no sample, the wavelength

dependent intensity of the light source is characterised. Transmittance through the

substrate is then measured by recording the intensity of light passing through the

substrate and dividing it by the intensity of the source (Tsubstrate = Isubstrate/Isource,

where T and I denote transmittance and intensity respectively). The transmittance

of the sample is then measured in the same way, but with the light intensity of the

source reduced by the transmittance of the substrate, as shown in equation 3.10.

T (λ)sample =
I(λ)sample

TsubstrateI(λ)source
=

I(λ)sample
I(λ)substrate

(3.10)

3.4.5 Surface Characterisation of Graphene Electrodes

The surface properties of a material can greatly influence its success in device ap-

plications. Specifically, the surface roughness and the work function are two key

material parameters in the fabrication of both solar cells and TENG devices. In this

section I will describe the methods used to examine these properties.

Profiler Measurements

A KLA Tencor Alpha Step D-100 Profilometer was used to measure sample thickness

and roughness. This functions in a similar manner to an AFM operating in contact

mode, where a probe tip is brought into contact with the surface of the sample

and dragged along the surface in a single direction. This defines the y direction as

vertical displacement (height), the z direction as the horizontal distance over which

the measurement is made (the length of the scan). As the scans are only measured

in a single direction, the x direction is not used. This allows the measurement of

the deflection of the tip in the y-axis for the given displacement in the z-axis. This

produces a surface profile that details a line scan of the sample’s topography. Both

sample thickness and surface roughness are calculated from these profiles. Firstly,
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a calibration sample is measured to ensure that measured heights accurately reflect

the actual heights. Then the tip is placed over an area of substrate next to the

region of sample to be measured. The tip is then engaged and dragged across the

sample in the z direction. Starting the measurement from the substrate allows the

accurate calculation of sample thickness provided a large enough distance is scanned.

Multiple scans were collected across different regions of each sample and the mean

thickness calculated for each sample, selecting to average only across the region of

full thickness.

Root mean square (RMS) surface roughness measurements were carried out by

calculating the standard deviation in height for flat regions of the profiles collected.

Multiple such measurements are carried out on each sample, allowing for the calcu-

lation of the RMS roughness. As the edges of the graphene samples measured were

sloped due to non-uniform detachment from the filter membrane, it is important

not to include these regions in measurements of thickness or roughness.

Atomic Force Microscopy

Atomic Force Microscopy (AFM) was used to measure the roughness of substrates

and electrodes being used in OPV devices. All measurements made with this tech-

nique used non-contact tapping mode, this technique (detailed in figure 3.11.a) in-

volves a very small AFM tip, placed at the end of a vibrating cantilever, travelling

over the surface of the sample being measured. A Bruker Innova AFM was used

for measurement of topographical data, using a Nanosensors PPP-NCHR silicon

AFM probe tip in non-contact tapping mode. This means that the cantilever is

constantly oscillating up and down, bringing the tip closer and then further away

from the surface. The attraction between the tip and the sample, caused by Van der

Waals forces, cause the cantilever’s vibrations to deviate from the natural frequency,

which is calibrated for prior to measurement. By using the change in cantilever fre-

quency, the proximity of the tip to the sample can be calculated, allowing a map

of the topographical surface underneath the tip to be produced. Operation in this
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mode is crucial to ensure graphene samples are not damaged by the probe tip during

measurements.

Scanning Kelvin Probe Force Microscopy

Scanning Kelvin Probe Force Microscopy (SKPFM) is a similar experimental tech-

nique to AFM, but allows access to much more information about the electrical

environment of a sample’s surface. Similar to AFM, an oscillating probe tip is used

to map the sample’s surface. However, unlike AFM measurements, the probe tip

used is conductive. This allows the surface potential of the sample to be analysed

through the contact potential difference (CPD) between the sample and the tip

[164]. Prior calibration of the probe tip potential allows the direct mapping of the

work function of the material, through the equation:

eVCPD + φT ip = φSample (3.11)

where e is the elementary charge, VCPD is the contact potential difference, φT ip is

the work function of the probe tip and φSample is the work function of the sample.

The principle behind this measurement is shown in figure 3.11.b–d. When the

probe and sample are close enough to establish an electrical connection, the Fermi

levels of the tip and sample align, producing a contact potential difference that is

defined by the difference in work functions of the two materials (VCPD = φs−φt
−e )

[165]. This allows SKPFM to accurately measure the work function of a material

with similar spacial resolution to topographical AFM maps, making it an extremely

powerful surface characterization technique.

Two sets of SKPFM measurements were carried during this work. The first set

by Dr. Christos Melios using an NT-MDT NTEGRA Aura system using frequency-

modulated SKPFM mode and conductive Bruker PFQNE tips. This was carried out

at the National Physical Laboratories (NPL) on i-FLG from 1 cm × 1 cm and wafer

scale samples. Topography and surface potential of the samples were both collected

simultaneously. Freshly exfoliated Highly Orientated Pyrolitic Graphite (HOPG)

was used to calibrate for the tip potential before each measurement. SKPFM mea-
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Figure 3.11: Schematic showing the operation of a an AFM functioning in tap-

ping mode and b, c and d illustration to show the working principle of SKPFM.

In AFM, a pietzoelectric cantilever is used to generate oscillations that move the

AFM tip towards and away from the sample surface. A laser is reflected from the

back side of the tip onto a photodetector to accurately determine the position of the

tip. Deviations from the natural frequency of the cantilever are caused by Van der

Waal’s interactions between the tip and the sample, allowing a topographical recon-

struction of the sample’s surface. In SKPFM, the sample and tip begin separated

(b) before being brought close enough for an electrical connection to be established

(c), generating a contact potential difference (UCPD) which can be offset by the

application of a bias voltage to the probe tip (Uprobe) (d).
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surements were taken over a 30 µm × 30 µm area to account for variation in the

film thickness, and hence the intercalation conditions of the i-FLG samples.

The second set of SKPFM measurements were carried out by Vishan Pashal

at the University of Exeter using a Bruker Dimension XR Scanning Probe Micro-

scope in Peak Force KPFM mode. A PFQNE-Al probe tip was used (doped silicon

with a 5 nm tip radius), allowing topography and surface potential to be collected

simultaneously. Freshly exfoliated Highly Orientated Pyrolitic Graphite (HOPG)

was again used to calibrate for the tip potential before each measurement. These

measurements were carried out on freshly intercalated samples of FLG, as well as a

sample of i-FLG that had been exposed with UV/Ozone treatment.

Contact Angle Measurements

A contact angle Goniometer, shown in figure 3.12, was used to measure the contact

angle made between DI water droplets and the graphene/intercalated graphene sur-

face. The setup is first calibrated by using a small spirit level to ensure the sample

mount is level. The sample is then placed on the sample mount and a small droplet

of water is placed in the centre of the graphene film by pipette. A camera set up

on the same plane as the sample is then used to take a short video of the droplet.

The droplet is back-lit by a light, allowing for good contrast in the image and for

the edge of the droplet to be clearly seen. The contact angle is then measured by

selecting individual frames from the video and measuring the angle made between

the droplet and the surface of the graphene. The angles at either side of the droplet

are averaged by calculation of the mean, to account for any slope that could not be

corrected for in the setup.
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Figure 3.12: Diagram of the setup used to measure the contact angle made between

water droplets and graphene samples.

3.5 Device Characterization

Throughout this thesis I will test the applicability of graphene and intercalated

graphene electrodes in different devices for energy harvesting. The two types of

energy harvesting devices examined and characterized are OPV devices and TENG

devices. The following are the characterization methods used for each device, as well

as a brief background to understand the measurements, further to what is discussed

in the Chapter 2.

3.5.1 Photovoltaic Device Characterisation

Accurate characterisation of photovoltaic devices is crucial to the assessment of how

different components of the photovoltaic device impact device performance. In this

investigation I focus only on the benefits/drawbacks in using i-FLG electrodes as

it applies to device efficiency, stability and flexibility. As such, the optimisation of

each aspect of the OPV devices has not been investigated and device efficiencies are

lower than for reference devices (Ossila). However, comparisons of the performances

of different devices with different electrodes can still be made.
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Figure 3.13: Diagram of the setup used in characterization of OPV devices. The

solar simulator is fitted with an AM1.5 G filter that approximates the spectrum of

the sun for standard conditions on Earth. This is used to illuminate the sample,

which is fitted into the push fit test board. From here, the IV curve sweep is carried

out by the Ossila Solar Cell IV Test System and displayed on the computer screen.

IV Curve sweep parameters are controlled via the Ossila software, such as voltage

sweep range, voltage step increment and dwell time.

Current-Voltage Curve Measurement

Current Voltage (IV) curve measurement was carried out using an Ossila Solar Cell

IV Test System with push fit test board. Samples were loaded into the push fit

test board where the contacts have been patterned to line up with sets of metal

pins inside the test board. The pins are slightly spring-loaded so that they compress

when the sample is fixed into place and do not damage the contacts. IV curve sweeps

were run between -1 and 1 V, and then 1 and -1 V to assess any hysteresis between

the two sweeps. Voltage step increments of 10 mV and a voltage settle time of 10

ms were used. A diagram of the setup used for photovoltaic device characterization

is shown in figure 3.13.

When measuring IV response under light exposure, an appropriate solar sim-

ulator must be used to replicate the wavelength dependent light intensity that is
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produced by the Sun. For this investigation a Newport 94011A class ABB solar

simulator (Xenon arc lamp fitted with an AM1.5G filter) was used. The irradiance

intensity is adjusted by altering the height of the solar simulator from the sample.

This height was calibrated using an Oriel model 91150V Calibration Cell connected

to a readout meter, giving the intensity of the solar simulator measured in Suns (1

Sun = 1kW/m2). Before measurement of devices, the solar simulator was turned

on and left for 30 minutes so that the emission would stabilize. Over that time, the

calibration cell was set up and periodic readings of intensity and temperature were

taken to ensure the correct intensity was being output.

For each sample, measurements were carried out under illumination and under

dark conditions. For measurement of the dark curve, the shutter on the solar sim-

ulator was closed and a cover placed over the opening on the push-fit test board to

prevent any ambient light from entering and giving false readings.

Once the IV curves (light and dark) have been collected for a device, performance

metrics can be extracted. The metrics used to assess OPV performance in this study

are efficiency, short circuit current (Jsc), open circuit voltage (Voc), fill factor (FF )

and the series and shunt resistances (Rse,Rsh). These are extracted from the IV

curve using the Ossila Solar Cell IV Test System software and are explained in

figure 2.12 of Chapter 2.

3.5.2 Triboelectric Device Characterization

The triboelectric response of devices was characterized by means of recording the

current/voltage output of the device during contact cycling of the materials being

used. The motion of the device was controlled by an actuator set to run from a

Labview program. The controlled variables were the set and return points of the

actuator, and the frequency of the movement cycles. A load cell was also connected

to the actuator, allowing the force on the TENG device on each cycle to be recorded.

This investigation made use of the setup built by Dr. Zakaria Saadi, shown in figure

3.14. This setup involves two mounts on which to fix the two sides of the TENG
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device. One of these mounts is connected to an electronic actuator with a load cell

attached. This allowed the contact and separation of the two triboelectric layers

to be controlled via a labview code running through a computer connected to the

actuator and load cell. The load cell allowed for monitoring the force applied to the

TENG device, which was maintained at less than 5 N throughout the experiments.

This ensured minimal vibrations were present, as these can affect the results being

collected.

Figure 3.14: The setup used to characterize TENG devices. This setup was built

by Dr. Zakaria Saadi and designed by R.D.I.G. Dharmasena from the University of

Surrey, and adapted from his works (xy). The whole setup is fixed to a metal plate

which is bolted to the lab bench to minimise vibrations during measurements.

Two Keithley source-measurement units were used to both control the actuator

and to measure the current and voltage in short circuit and open circuit configura-
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tions respectively. The dielectric material being tested against i-FLG was taped to

one of the mounts using copper tape, allowing measurements to be made in double

electrode configuration by connecting the Keithley source measurement unit to both

the TENG device and the mount housing the dielectric material. The key difference

between these two measurement configurations is that in double electrode (DE) the

electrical signal being measured represents current/voltage from the two halves of

the device, where single electrode (SE) only acquires a signal from one of the elec-

trodes (in this case the i-FLG electrode). This typically means that measurements

made in DE mode are approximately double the magnitude of those made in SE

mode.

When measuring the devices, the alignment of the setup is first checked to ensure

a planar contact between the TENG and the mounted material. A set-point is then

created when the two materials are in contact, allowing the contact and separation

of the materials to be cycled. The actuator then runs the cycle for over a period

of approximately a minute, with the measurement of the current/voltage response

running for the last 20 seconds of the cycling motion. This allows the measurement

to stabilize to any unbalance of surface charges of the materials caused by contami-

nation or remnant frictional charging that occurred during sample preparation and

mounting.

Kieran K Walsh 83



Chapter 4

Wafer Scale FeCl3 Intercalated

Few Layer Graphene Electrodes

Data contained within this chapter has been subject to publication: “Wafer scale

FeCl3 intercalated graphene electrodes for photovoltaic applications.” K. K. Walsh,

C. Murphy, G. Jones, M. Barnes, A. De Sanctis, S. Dong-Wook, S. Russo, M. F.

Craciun. Proc. SPIE 10688, Photonics for Solar Energy Systems VII, 106881C (21

May 2018); DOI: 10.1117/12.2307410.

4.1 Introduction

Graphene presents many appealing properties for use in photovoltaic technologies,

particularly its excellent flexibility, transparency and conductive properties [35, 64].

However, compared to the industry leader, Indium Tin Oxide (ITO), graphene has a

relatively high sheet resistance, which has lead to reduced photocurrents and device

efficiencies in photovoltaic devices incorporating graphene electrodes. Intercalation

of FLG with Iron Chloride (FeCl3) has been demonstrated as an excellent method

of doping Graphene, leading to a reduction in sheet resistance of up to 3 orders of

magnitude [62]. In addition, this doping is resistant to atmospheric contamination

[61], unlike many other chemical dopants such as HNO3 [51, 166, 167], SOCl2 [51]

and tetracyanoquinodimethane (TCNQ) [48]. This makes intercalated FLG (i-FLG)

84



Chapter 4

suitable for use in devices that make use of solution deposition procedures, such

as those used in the fabrication of organic photovoltaic (OPV) devices. Another

crucial factor to the use of doped graphene as a transparent conductive electrode

is the scalability of the fabrication methods used in both electrode preparation

and doping of the graphene. This has lead to many devices reported in literature

being prepared using techniques that are not scalable and do not give an accurate

indication of how the devices will perform when scaled up. As such, in this chapter I

will present a method I developed for the scaling up of the manufacturing process for

preparing wafer scale (7 cm × 7 cm) i-FLG samples. This process first involves the

transfer of wafer scale FLG samples using a custom built transfer setup, followed

by intercalation in a 9 cm diameter furnace. This required the optimisation of

the intercalation temperature used. I then present a new method that I developed

for the characterization of the prepared i-FLG samples using Raman spectroscopy,

introducing a new metric by which to quantify the degree of intercalation within

the i-FLG [117]. Measurements of sheet resistance, work function, carrier mobility

and charge carrier concentration are then all used to characterise the quality of the

i-FLG samples and determine their suitability for use in flexible OPV devices.

4.2 Etching and Transfer of Wafer Scale FLG Sam-

ples

Two types of FLG films were purchased from Graphene Supermarket, 1 cm × 1 cm

graphene samples and 4 inch diameter wafers of graphene, both grown on Ni/Si/SiO2

substrates. This allows the results of the newly developed intercalation conditions

for wafer scale samples to be compared to the previously established method for

intercalating 1 cm × 1 cm samples.

As was discussed in the methods chapter, before intercalation graphene must first

be transferred to a suitable substrate that can withstand intercalation conditions.

While the flotation assisted transfer method is capable of achieving this with smaller
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samples, large area samples are commonly damaged or destroyed due to the difficulty

of transferring them in this manner. This prevents it from being scaled up to an

industrial scale process capable of manufacturing large area graphene devices. In

addition, the flotation assisted transfer method is also extremely time consuming

and labour intensive, highlighting the need for the development of a new transfer

process that can be scaled up more easily. As such, a partially automated large

area transfer setup and method were developed to improve the yield and quality

of graphene samples being transferred. This process, schematically illustrated in

figure 4.1, was developed by myself and Mr. Conor Murphy, with guidance from Dr.

Matthew Barnes and Dr. Gareth Jones.

Figure 4.1: Large area graphene transfer process, detailing the etching of the Ni

catalyst by FeCl3 solution, floating of the graphene film, replacement of the FeCl3

solution with DI water and subsequent transfer of the graphene to a clean glass

substrate

This new method of graphene transfer employs a stationary wedge mount for the

graphene sample to be mounted, and controls the etch and transfer of the graphene

through the use of rotary pumps. Using this method it was possible to quickly and

reliably transfer large area graphene samples, as is detailed below [117].

A custom built wedge mount was produced and placed inside an etching bath,

shown in figure 4.2. This wedge is designed to fit samples of up to 7 × 7 cm in size,

but in principle can be made to any size to fit the manufacturing need. The etching
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Figure 4.2: Images recorded during the etching and transfer procedure. a. Large

area graphene on Ni/Si/SiO2 growth substrate is mounted to the custom built wedge.

b. 1 M FeCl3 etchant solution is steadily pumped into the bath around the wedge,

etching the Ni as the level of the solution rises. c. Once the etch is complete, the

FeCl3 solution is replaced by DI water by flooding the bath. d. Si/SiO2 substrate is

removed and replaced with a clean glass substrate. The pumps are run in reverse to

pump the DI water out of the bath, lowering the level and beginning the transfer.

e. Large area graphene transfer is complete with no damage to the sample.
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bath is connected to two rotary pumps. These are used for both filling and draining

the bath, and are controlled through a simple Labview program which allows the

user to set the voltage and hence the pump rate. Once a sample of Ni grown

CVD graphene has been selected and prepared for transfer, it is fixed to the wedge

by placing a small spot of PMMA solution to the back of the Si/SiO2 substrate.

A custom made floating border made from a thin sheet of plastic is then placed

around the wedge. The purpose of this boarder is to hold the floating graphene

film in place once it has detached from the growth substrate. The pumps are then

connected to a bottle of 1M FeCl3 solution and are turned on. The rate of flow of

FeCl3 etchant solution can be controlled through the voltage (the volume of liquid

transported with each pump) or the frequency (time between successive pumps).

Pumps are set to pump continually until the etchant has reached the bottom of the

sample. At this point the pump rate is slowed to give the solution time to etch the

Ni underneath the graphene. If the rate is too high, the level of etchant inside the

bath will rise too quickly, not giving the Ni a chance to etch. As the solution rises,

this can lead to rips and tears in the graphene as it is being pulled away from the Ni

by the surface tension of the etchant solution. By selecting the correct voltage and

time delay between successive pumps (Vpump = 3V for 2 seconds, tdelay = 10s), the

full etch can be completed in between 2-3 hours with no damage to the graphene

film. This full process is illustrated in figure 4.2a-e, showing each of the steps of the

etching and transfer process.

Once the etch is completed, the etchant solution must be washed out of the bath.

To achieve this, the pumps are disconnected from the FeCl3 solution and connected

to a supply of DI water. This is then continually pumped into the bath, flooding it

and displacing the FeCl3 solution. This is carried out until the solution in the bath

is clear and has lost the distinctive orange colour of the FeCl3 solution, indicating

that a clean transfer can take place. A pair of tweezers are then used to remove

the growth substrate from under the floating graphene sample, and replace it with

the desired substrate. The pumps are then used to pump the DI Water back out
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of the bath, lowering the level at a steady rate. This slowly transfers the graphene

to the newly replaced substrate in a very controlled manner. Once the water level

in the bath has reached the bottom of the wedge, the transfer is complete and the

graphene can be dried and cleaned in the same manner described previously.

4.3 Intercalation of Wafer scale FLG samples

The three zone furnace method that is discussed in Chapter 3 was adapted to be

used on larger area samples by using an intercalation tube of increased diameter,

going from a 3 cm diameter to 9 cm diameter in order to accommodate samples

larger than 2 cm × 2 cm. The largest sample to be transferred and intercalated

Figure 4.3: (Left) Image of a 4 inch wafer of Ni CVD grown graphene. (Right) 36

cm2 sample of i-FLG after transfer to a glass substrate and intercalation.

using the method outlined above was 36 cm2 (shown in figure 4.3), although larger

transfers are feasible with this set-up. Using a larger intercalation tube also meant

that the temperature parameters for each of the three zones must be re-optimized

as the heat flow is different in the larger tube. This was attempted by raising the

temperature of the intercalant zone (zone 1). A temperature range of 310 – 360 °C

was chosen, as this covers the entire temperature range from the sublimation point

of FeCl3 to the temperature of the sample zone (zone 2). The temperatures of zones
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2 and 3 were held fixed at 360 °C and 300 °C, respectively. This is because the degree

of intercalation and quality of the sample greatly decreased if either of these values

were changed. In addition to the re-optimization of intercalant zone temperature,

the mass of FeCl3 used in each intercalation was increased to 1g. This was for two

reasons, firstly the sublimated FeCl3 gas is filling a much larger volume in the larger

tube, and so more is needed to achieve the same gaseous density as in the smaller

tube. Secondly, the area of graphene being intercalated is much larger, meaning

more FeCl3 would be needed to achieve the same level of doping. Sample and

intercalant position were also held constant throughout this investigation as it had

been observed that these parameters had less of an impact on the degree of sample

intercalation. The previous positions determined as optimum for intercalation using

the 3 cm diameter intercalation tube were also used with the larger diameter tube,

with the vial of intercalant being held in zone 1, 3 cm from the opening to zone 2,

and the sample being positioned 7.5 cm away from the intercalant in zone 2. Zones

were heated with the same rate of temperature increase as was described in Chapter

3, and zone 3’s temperature was held fixed at 300 °C to encourage the crystallization

of FeCl3 vapour.

Due to the high temperatures used in intercalation, and the reactive nature of

the FeCl3 vapour, any contamination present on the sample or in the intercalation

tube can result in the formation of FeCl3 particle aggregates. These cover the

surface of the i-FLG sample and can be many hundreds of nm in size. The presence

of these particles gives the graphene a slightly white and cloudy appearance due

to the size and density of the aggregates. The formation of these aggregates can

only be avoided through cleaning of both the FLG sample and intercalation tube,

prior to intercalation. When removed through cleaning, these aggregates can tear

holes in the graphene film and lead to damage. In addition, aggregates that are

not removed in cleaning oxidise in atmospheric conditions, leaving behind patches

of insulating material. Both these effects can negatively impact the quality of the

i-FLG produced (as will be seen later). Additionally, the oxidised aggregates greatly
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contribute to the surface roughness of the graphene. This is particularly relevant to

the field of organic photovoltaics as roughness is known to be a key factor that can

reduce the short circuit current of a device, or even cause the failure of the device

entirely. To mitigate these risks, i-FLG samples are placed in a desiccator for 30

minutes immediately after intercalation, at approximately 1×10−3 mbar. This aids

in the removal of particle aggregates from the graphene surface. The graphene is

washed in warm IPA (70°C) for 5 minutes, before being dried with an N2 gun. This

partially cleans any aggregates from the surface of the graphene, but is not effective

at removing all aggregates from large area samples.

4.4 Raman Characterization of Large Area i-FLG

As was discussed in Chapter 3, Raman spectroscopy was carried out using a mul-

tipurpose microscope, custom built specifically for the purpose of characterizing

optoelectronic devices built from 2D materials [162]. It has previously been estab-

lished that the intercalation of graphene with FeCl3 causes a transfer of electrons

from the graphene to the FeCl3. This is due to the overlap of the delocalized p-

orbitals in graphene with the d-orbitals from the metal ions in FeCl3 [168]. The

effect of this is a strong p-doping of the graphene and subsequent drop in Fermi

level. This doping can be detected through a blue shift in G-peak of the graphene’s

Raman spectrum, caused by a stiffening of the E2g phonon mode [98]. This pro-

vides a method of assessing the degree of intercalation in a sample by measuring

the doping level through Raman spectroscopy. This was used to characterize the

degree of intercalation in wafer scale i-FLG samples. As such, I introduce a new

metric by which to quantify the doping in intercalated graphene samples [117]. This

method relies solely on comparing the mean G-peak shift values measured by Raman

spectroscopy.

The precise shift in G-peak observed in the Raman spectrum relates to the

number of adjacent FeCl3 layers doping the graphene, with one layer shifting the

G peak position from 1580cm−1 (pristine) to 1612 cm−1, and two adjacent layers
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shifting the G-peak position to 1625 cm−1. These are referred to as the G0, G1

and G2 peaks respectively, and are identified in figure 4.4. In fully intercalated

samples prepared from exfoliated graphene flakes, full intercalation is indicated by

the presence of a single peak at 1625 cm−1 (G2), and no other peaks. However,

in CVD grown samples, full intercalation is much more difficult to achieve. This

leads to the G-peak being composed of a superposition of G0, G1 and G2 peaks, as

well as sub-peaks originating from partial intercalation between layers of graphene.

This presents a problem for characterising intercalated CVD graphene films, as both

the number of graphene layers, the staging, and hence the doping, varies across the

sample. To overcome this problem of inhomogeneity, we propose the use of a metric

for evaluating the degree of intercalation within a sample, taking into account both

the position and relative intensity of each sub-peak. This is done by calculating an

area weighted G-peak position, 〈PosG〉, through the fitting of individual Lorentzian

peaks to the Raman spectrum and weighting their contribution to the mean position

by their relative intensity before normalising to the total intensity of the G-peak.

This metric is described by equation 4.1 [117].

< PosG >=
PosG0 · AreaG0

2
+ PosG1 · AreaG1 + PosG2 · AreaG2

AreaG0

2
+ AreaG1 + AreaG2

, (4.1)

where PosG refers to the Raman shift position of that respective peak in cm−1

and AreaG is the integrated intensity of that respective peak. The factor of 1/2

in the AreaG0 terms is introduced to account for the fact that G peak Full Width

at Half Maximum (FWHM) reduces by approximately 1/2 when doped above ≈

3×1013 cm−2 [169]. This means that otherwise, the G0 peak would be oversampled,

reducing the overall 〈PosG〉 value.

By calculating this 〈PosG〉 metric, it allows the Raman spectrum to be assigned

a mean G-peak shift value. By collecting Raman maps, the mean G-peak shift values

across the area of the sample can be calculated, allowing the degree of intercalation

across the area of a sample to be determined. Raman mapping was conducted on

two different scales, one on a small scale covering a 30 µm × 30 µm area sampling
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Figure 4.4: Raman spectra showing the shift in G peak caused by doping through

intercalation with FeCl3. The sub-peaks (G0, G1 and G2) are shown here, fitted

with three separate Lorentzian functions.

every point, and the other on a larger scale covering a 300 µm × 300 µm area, where

spectra are only collected every 10 µm. This allows for two kinds of measurements to

be made, one where the small scale variations in the sample doping caused by holes

in the sample or variation in graphene layer thickness to be mapped (figure 4.5),

and one where the average doping environment across a large area of the sample is

calculated.

Each point sampled in a Raman map can now have the shift in G-peak fitted and

a mean 〈PosG〉 value calculated. Following the work of Lazzeri [98], the shift in G-

peak can be used to calculate the charge carrier concentration in the sample, allowing

the direct mapping of charge carrier concentration from Raman measurements, as

has been shown previously [60]. This is a very powerful technique, as other methods

of measuring the charge carrier concentration require the fabrication of devices to

electrically characterize, typically making the sample unusable for any other purpose.

These Raman maps, such as the one shown in figure 4.5, are used in correlation with
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Figure 4.5: PosG map constructed by the taking point spectra across a 30 µm×30

µm area and fitting the individual point spectra with Lorentzian functions to de-

termine the area weighted G-peak position. This allows the observation of how

intercalation varies across the sample and can be correlated with changes in the

sample by comparing the map to optical images

optical images to examine the variation in doping, and hence intercalation, across

the sample due to changes in flake thickness, as well as the density of graphene

in that area, as demonstrated previously [117]. These Raman maps can then be

converted into histograms, and used to compare the degree of intercalation between

samples. A comparison between a pristine sample and intercalated sample is shown

in figure 4.6. The histograms for these two sets do not overlap, indicating that for all

points measured in the intercalated sample, doping was higher than in the pristine

sample.

The mean 〈PosG〉 value as measured from Raman mapping was calculated for

samples intercalated with zone 1 temperatures ranging from 300 – 360°C. The re-
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Figure 4.6: Histograms of the PosG data taken pristine and intercalated samples,

detailing the distribution of PosG values collected in the map. The PosG values for

an unintercalated sample of pristine graphene illustrate the significance of doping

by intercalation. Mean PosG values for both sets of data are displayed above.

Figure 4.7: Effect of increasing zone 1 (intercalant) temperature on the degree of

sample intercalation as measured by the 〈PosG〉 metric.
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sults, displayed in figure 4.7, show increasing temperature to increase the degree of

intercalation as measured by the 〈PosG〉 metric. Increasing the temperature of the

intercalant zone increases rate of sublimation of the FeCl3, and hence the vapour

pressure achieved during the intercalation process. This makes it easier for the

FeCl3 molecules to penetrate between the graphene sheets, improving the degree of

intercalation achieved. Increasing zone 1 temperature from the previously optimised

conditions for the smaller tube of 315°C, to 360°C caused an increase in mean G

peak position from 1590 cm−1 to 1603 cm−1. While this is still lower than the G

Peak position observed for stage 2 intercalated graphene of 1612 cm−1, this metric

accounts for both the positions of all peaks, as well as the area ratios between them

for every point sampled across an area of the sample. By observing the 〈PosG〉

histograms it can be seen that the maps contain peaks composed of G0, G1 and

G2 peaks, indicating that full intercalation has taken place. We observe that for Ni

grown CVD FLG, some flakes in the film will fully intercalate while others will not,

remaining either partially intercalated or partially surface doped by the FeCl3.

4 point probe measurements of sheet resistance of samples intercalated under

different conditions revealed that the sheet resistance of intercalated samples did

not fall below 100 Ω/sq, regardless of the 〈PosG〉 value measured for the sample.

This is shown in figure 4.8, and was also found to be the case for smaller area samples

(1 cm×1 cm). Further investigation showed that the graphene purchased for this

study had numerous holes, some 10’s – 100’s of nm across in its surface, as shown

in figure 4.9a. By mapping the area of one such hole with Raman spectroscopy

and calculating the 〈PosG〉 values, a map of the charge carrier concentration across

the area of the hole was produced (figure 4.9b). Charge carrier concentration was

calculated by empirically fitting a 5th order polynomial to the data in figure 2 of

Lazzeri’s paper [98]. This allowed the charge carrier concentration to be calculated

for the relative Raman shift value of the G-peak.

These results indicate two things, firstly that the centre of the hole contains

graphene, indicating the holes most likely originate from the Ni CVD growth process
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Figure 4.8: Effect of intercalation on the sheet resistance of large area i-FLG sam-

ples. A wide range of PosG values produce the same reduction in sheet resistance,

indicating only partial doping is required to achieve this level of improvement to

sheet resistance, and that the sheet resistance of the samples may be limited by

other factors.

[170], as opposed to damage to the graphene film during transfer. Secondly, these

areas of graphene are much thinner and do not intercalate as well as the thicker

surrounding areas of graphene. This is because the area of graphene within the

holes is comprised of a bilayer of graphene that covers the whole sample. This

bilayer is very difficult to intercalate due to the lack of accessible edges for the FeCl3

to penetrate from, and its proximity to the substrate. The thicker areas of graphene

around this hole have a much higher level of doping (2-4 times that of the partially

doped area), indicating that thicker flakes have a propensity to intercalate better.

This highlights the need for better quality FLG films that are homogeneous over a

large area to allow for the uniform doping of large area graphene films.

Due to the variation of flake thickness and film coverage across the sample and

the presence of holes in the graphene film, it was necessary to periodically sample

points across a large area to attain a representative measurement of the 〈PosG〉. 300

µm × 300 µm maps were taken, with a 10 µm step size between each measurement,
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(a)
(b)

Figure 4.9: Optical image (Left) and charge carrier concentration map (Right) taken

over a hole in an i-FLG sample. 4.9b shows a drop in charge carrier concentration

across the hole, indicating thinner regions intercalate to a lesser degree. This is

ascribed to be the cause of the limited reduction in sheet resistance observed for

wafer scale samples.

allowing the variation of the local doping environment to be ignored. Collecting

multiple maps over different regions of the same sample showed they produce the

same 〈PosG〉 values, indicating that this method attains a representative average

of the degree of intercalation across the sample, and that sample intercalation is

consistent across the area of the sample. The 〈PosG〉 values calculated from 30 µm

× 30 µm and 300 µm × 300 µm maps also showed good agreement in the cases

where large holes could be avoided in the smaller area scan.

The minimum sheet resistance values achieved in this study were around 100

Ω/sq, which was produced in a number of different FLG samples with varying 〈PosG〉

values. The same resistance values being achieved in samples with different values

of 〈PosG〉 shows that only partial doping of the graphene film is required to reduce

the sheet resistance by an order of magnitude. This is a significant result for scaling

up the size of optoelectronic devices such graphene electrodes can be applied to.

However, this value is much higher than the 8 Ω/sq that can be achieved in both

mechanically exfoliated samples [62], and the 20 Ω/sq that can be achieved for 1
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cm × 1 cm i-FLG samples [64]. As was previously mentioned, the presence of holes

in the samples limits the sheet resistance that can be achieved. This is due to two

effects; firstly the increased resistance due to the presence of the holes themselves,

and secondly due to the poorer intercalation across the holes increasing the sample

doping inhomogeneity. Another factor that may impact the reduction in sheet resis-

tance observed with intercalation is the presence of iron particle aggregates on the

i-FLG sample’s surface. These can introduce defects into the graphene film, act as

scattering sites and introduce additional resistance to the 4 point probe measure-

ments made on graphene. As such, the removal of these particles is of key interest

to making successful large area i-FLG samples.

4.5 Acid Cleaning of Wafer Scale i-FLG Samples

Optimization of intercalation conditions in the large area furnace resulted in many

samples being heavily contaminated by large aggregates on the surface of the i-FLG.

This has the potential to cause damage to any devices fabricated from the i-FLG

produced, as surface roughness is a key parameter that leads to carrier recombination

and increased risk of shorts in OPV devices [49]. To avoid this, a cleaning procedure

was trialled with the aim of removing these surface contaminants from the graphene,

without damaging or de-intercalating the samples. Hydrochloric acid was chosen as a

cleaning agent as it is a particularly aggressive acid and is known to be very effective

at removing metal particles. In addition, due to graphene’s inert nature, there should

be no reactions between the HCl and the graphene. A cleaning procedure was

established by which the i-FLG samples were submerged (or partially submerged)

in a solution of HCl for a set duration. Combinations of concentrations and cleaning

times included 6M for 2 hours, 1M for 24 hours, and finally 1M for 1 hour. The

sample is then removed and sequentially submerged in 3 separate baths of DI water

to remove HCl residues. The sample is then washed in warm acetone and IPA (70°C,

10 minutes each). After cleaning, the sample was imaged by optical microscope to

determine whether aggregates had in fact been removed. In addition, both sheet
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resistance and Raman mapping measurements were taken before and after cleaning

with HCl to determine if HCl causes de-intercalation of FeCl3 from the graphene

sheets, and the effect this has on the conductive properties of the i-FLG.

The aggregated particles produced during intercalation typically measure a few

hundred nanometers in height, many times the thickness of the graphene itself.

Crucially, this is also greater than the thickness of the organic layers used in OPV

devices, making this a key problem if i-FLG electrodes are to be used in OPV

devices. While optimisation of intercalation parameters and rigorous cleaning of

samples can be used to mitigate the formation of aggregates on samples, results from

intercalation of large area samples showed the aggregates to still be present (figure

4.10a). To improve the quality of large area i-FLG samples, cleaning procedures

were tested in an attempt to remove these aggregates. Washing in hot IPA (70°C)

is already employed after the i-FLG sample is removed from intercalation. This is

due to the presence of a cloudy white colour across the surface of samples, caused by

micron scale aggregates that form on the surface. While this has shown promising at

removing aggregates from small area samples, it does not appear aggressive enough

to remove them from the large area samples, as shown in figures 4.10b, 4.10c and

4.10d. Here, I shall investigate the effectiveness of removing iron aggregates using

washes in hydrochloric acid of different concentrations and wash times.

Initial tests showed the cloudy white colour caused by dispersed particles on

the i-FLG surface was removed by submerging the graphene in HCl (6M) for a

prolonged period of time (2 hours). However, this exposure also damaged the

graphene by delaminating certain areas from the substrate, indicating lower con-

centrations/cleaning times are required. A lower concentration of 1M was trialled,

with a cleaning time of 24 hours to allow the lower concentration solution to take ef-

fect. However, this also caused the graphene to detach from the substrate, damaging

the electrode beyond use. Finally, a concentration of 1M was used with a cleaning

time of 1 hour was tested. This combination of HCl concentration and cleaning time

showed promise, as it could remove Iron aggregates without completely removing
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(a) (b)

(c) (d)

Figure 4.10: Optical microscopy images of intercalated graphene samples before (a)

and after (b and d) washing with hot IPA. While the IPA can be shown to remove the

majority of aggregates from ’dirty’ intercalations, small particles of FeCl3 as well as

larger aglomerations of particles are still present across the surface of the graphene

film. a. and b. are shown at ×20 magnification, c. is shown at ×50 magnification.

d. is a Scanning Electron Microscopy (SEM) image of FeCl3 aggregates at ×100

magnification. Scale bars are shown for all images.
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(a) (b)

Figure 4.11: Optical microscope images at 10 × magnification of FeCl3 aggregates

covering the surface of an i-FLG sample (a) and the same area of graphene after

HCl acid cleaning has been employed (b). 1 M HCl acid was used for 1 hour before

the graphene sample was removed. While some small aggregates remain, the vast

majority have been removed in the cleaning process. Scale bars are shown on both

images (100 µm)

the i-FLG sample from the substrate, as shown in figures 4.11a and 4.11b.

Table 1: Sheet Resistance before/after HCl wash

Sample Sheet Resistance/Ω/sq Sheet Resistance after cleaning/Ω/sq

1 84600 126

2 386 540

3 261 337

4 84800 98

5 498 879

Although i-FLG samples are normally highly conductive, the presence of aggre-

gates on the surface forms an insulating layer that prevents the accurate measure-

ment of sheet resistance using a 4-point probe setup. Instead, a much higher sheet

resistance is measured, as seen in table 4.5 for samples 1 and 4. For these sam-

ples, the sheet resistance measured after cleaning in HCl is much lower than that
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measured before. However, for samples that were measured as conducting before

acid washing (2, 3 and 5) their sheet resistance after acid washing was greater than

that measured before. The mean increase in sheet resistance for these samples was

≈ 50%, ranging from 30% to 75%. This can be explained through the removal of

surface aggregates along with the de-intercalation of the FLG due to the HCl. This

is supported by Raman mapping measurements taken from samples before and after

cleaning with HCl (displayed in table 4.5). As can be seen from the PosG histograms

before and after HCl washing (figure 4.12), there is a notable shift in distributions

from one weighted towards higher PosG values of between 1600 – 1610 cm−1 before

washing, to one that is more evenly spread across all PosG values within the distri-

bution. Additionally, there is a downshift of the centre of the distribution of around

10 cm−1 after washing with HCl. However, of the 10 graphene samples used for this

study, only half had measurable sheet resistances after washing with HCl. This is

likely caused by damage to the sample, either from the removal of FeCl3 aggregates

or due to delamination of the i-FLG sample from the substrate.

Figure 4.12: Histograms taken from Raman maps before and after washing with 1M

HCl for 1 hour. Mean PosG values for each histogram are 1603 cm−1 and 1594 cm−1

before and after washing with HCl, respectively.
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Table 2: 〈PosG〉 before/after HCl wash

Sample 〈PosG〉/cm−1 Before 〈PosG〉/cm−1 After

1 1600 1590

2 1599 1595

3 1597 1592

4 1605 1593

5 1598 1590

6 1603 1594

7 1603 1597

8 1601 1594

9 1604 1589

10 1604 1592

For all samples measured, there is a notable drop in PosG value after washing in

HCl. This is evidence for the partial de-intercalation of the i-FLG samples. As

the sheet resistance of samples after washing is lower than the sheet resistance of

pristine FLG (≈ 1 kΩ) and the PosG values measured are higher than that of pristine

graphene, it is clear that there is still some intercalant present between the graphene

sheets. However, as can be seen from the PosG values in table 4.5, samples showed

a mean drop in PosG of 8.6 cm−1 after washing with HCl. This suggests there

is a significant degree of de-intercalation which is likely to negatively impact the

electrode performance. Limited evidence has been discussed in the literature with

regards to i-FLG de-intercalating in the presence of solvents. However, acetone has

been noted as a potential cause of de-intercalation when i-FLG samples are washed

in heated acetone. It is likely that HCl molecules are small enough to penetrate

between graphene sheets to react with the FeCl3 intercalant molecules.

While HCl washing is reasonably successful at removing Iron aggregates from

the surface of i-FLG samples, it does not completely remove all contaminants. This

leaves the sample with a small number of large particles on the surface, each of

which could lead to a short circuited device when fabricated into OPV devices. In
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addition, I have provided evidence that this cleaning procedure de-intercalates the

i-FLG sample, weakening the doping from FeCl3 and increasing the sheet resistance.

As such, the cleaning procedure described above will not be used throughout the

remainder of this investigation. Instead, focus will be placed on making sure all

elements of the intercalation procedure are carried out carefully in a clean envi-

ronment, to prevent the Iron aggregates forming in the first place. This involves

extended cleaning of samples (3 hours in acetone at 70 °C, followed by 3 hours in

IPA at 70 °C) to remove any PMMA residues. The intercalation tube was also

washed with acetone and IPA after every intercalation and an annealing cycle run

afterwards to ensure all contaminants are removed from the tube. Samples to be

intercalated are taken directly from a desiccator to ensure no traces of water are

present on the sample. Likewise, the vial used to hold the intercalant is heated to

150 °C prior to intercalation. This ensures any water vapour from the atmosphere

evaporates from the vial, drying it and preventing any unwanted reactions with the

anhydrous FeCl3. Combined, these precautions enable reproducible intercalation of

graphene samples.

4.6 Optical and Electrical Characterization of i-

FLG Samples

As was noted in the previous section, intercalation regularly results in the deposi-

tion of a layer of iron based aggregates on the surface of the FLG. In addition to

the previously noted effects of these aggregates, they also reduce the transmission

through the graphene layers. To better understand how this may impact the per-

formance of these electrodes, transmission spectroscopy measurements were made

on samples intercalated in both the 3 cm diameter furnace and the 9 cm diameter

furnace to compare the transmission achieved after intercalating samples of different

sizes, shown in figure 4.13.

While the transmission of i-FLG samples is very similar to that of unintercalated
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Figure 4.13: Transmission spectra for pristine and i-FLG samples fabricated in the

two different furnaces used for medium and large area intercalation respectively. The

dashed lines show 95% confidence limits, calculated from the standard deviation for

both sets of data.

samples, the presence of aggregates on the surface of the i-FLG causes the results

to deviate from that of samples intercalated in the 3 cm diameter furnace. Most

notably, there is a drop in transmission at lower wavelengths, causing the spectrum

to deviate from the approximately linear nature of pristine samples. However, the

primary absorbers in OPV devices tend to have absorption spectra weighted towards

larger wavelengths, typically between 600 – 700 nm [171]. This means that the

reduced transmission through large area i-FLG samples at low wavelengths may not

have a significant impact on the device performance.
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4.6.1 Work Function Mapping of Wafer Scale i-FLG Sam-

ples

Small (≈ 1 cm × 1 cm) sections of large area FLG samples were intercalated and

mapped using SKPFM to determine the work function of the i-FLG, and to cor-

relate this with the measured 〈PosG〉 values. As has been discussed previously,

intercalation with FeCl3 causes a strong p-doping of the graphene sheets, leading to

an increased work function as high as 5.1–5.2 eV [60]. However, our measurements

show a much smaller adjustment of the work function, reaching values as high as

≈ 4.6 eV, as shown in figure 4.14. Of the 5 samples mapped, the mean work func-

tion adjustment was just + 0.11 eV, considerably less than the + 0.8 eV increase

seen previous samples [60]. This is due to the poorer quality of intercalation that is

achieved for samples grown on wafer scale compared to smaller samples, as well as

the comparatively poor intercalation achieved in the 9 cm diameter furnace. Exam-

ining the work function distributions of the 5 samples studied shows some variation

between the samples, most notably in the width of the distributions. Sample i-FLG

1 has the highest work function measured of the large area samples, due to its wide

distribution extending up to ≈ 4.8 eV, with all other distributions reaching just

above 4.6 eV. This can be seen by observing the work function distributions, dis-

played in figure 4.14. Comparing these measured work functions to those of smaller

area i-FLG samples with comparable 〈PosG〉 values, it can be seen that small area

samples achieve a much higher work function for similar levels of intercalation. This

suggests that the poorer quality of the wafer scale samples negatively impacts the

work function values that can be achieved.

These measurements indicate the increase in work function for samples fabricated

from large area graphene wafers to be much less than the increase seen in small area

graphene samples. Although there is variation within each set of data, it can be

seen that the increase in work function approximately correlates with the measured

〈PosG〉 values. Further optimisation of wafer scale FLG growth is required before

an equal increase in work function can be seen in wafer scale i-FLG as in smaller
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Figure 4.14: Data collected from SKPFM measurements. Top right shows a topo-

graphical map of the same area as the top left, which shows the surface potential as

measured by SKPFM. Bottom left shows the WF distributions for 5 samples of large

area i-FLG. Bottom right plots the 〈PosG〉 against the measured work function for

the large area samples (4” wafer) compared to small area samples (1 cm × 1 cm).

Error bars are calculated from Gaussian fits of the distributions.

samples. There are a number of examples of doped graphene electrodes with modest

work function adjustments that have been shown to function well in OPV devices

[48, 172, 103]. However, these devices still rely on the use of transport layers to match

the work function at the bulk heterojunction interface so the doping of graphene

was primarily used as a method to reduce sheet resistance.

4.6.2 Van der Pauw Measurements

Because the samples tested with SKPFM mapping showed much lower work func-

tions than previous i-FLG samples, Van der Pauw measurements were taken to mea-
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sure the sheet resistance, charge carrier concentration and carrier mobility. This was

carried out for one of the large area samples mapped (i-FLG 3), as well as a number

of smaller area samples (S1-4) that all showed higher work functions than the large

area sample.

Table 3: Magneto-transport Measurements for i-FLG Samples

Sample 〈PosG〉/cm−1 WF (eV) Sheet Resistance (Ω/sq) Carrier Density (1014cm−2) Carrier Mobility (cm2/V s)

S1 1606 4.84 73.0 9.53 89.9

S2 1603 4.79 87.3 9.02 79.3

S3 1597 4.59 57.2 11.01 99.3

S4 1597 4.66 67.1 9.82 94.7

i-FLG 3 1605 4.51 64.5 7.46 135.6

Measurements of the charge carrier concentration and sheet resistance show that

the large area i-FLG sample (i-FLG 3) has successfully undergone intercalation, and

has a significantly enhanced doping and sheet resistance as a result. However, the

adjustment to work function is much less significant than for i-FLG samples from

smaller growth substrates. It should also be noted that the higher carrier mobility of

B3 is due to the lower charge carrier concentration, as there are fewer carrier-carrier

scattering events. The sheet resistance measured for these samples is lower than

that measured by 4 point probe, indicating that the 4 point probe may potentially

introduce additional resistance, most likely due to the probes making poor contact

with the i-FLG surface because of the particle aggregates covering the samples.
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4.6.3 Magneto-transport Measurement in Hall Bar Geom-

etry

Figure 4.15: Image of i-FLG sample patterned into a Hall bar with Cr/Au con-

tacts applied. Current is sourced in the vertical direction (x-direction) with a mag-

netic field orientated out of the page (z-direction). The electrons flowing along the

graphene channel then experience a Lorentz force, deflecting them transverse to the

direction of current flow (y-direction). This allows the measurement of the Hall

voltage across the graphene channel. On the right shows the Raman mapping of

the PosG value of the i-FLG channel, showing the sample to be intercalated with a

mean PosG of 1599 cm−1. Scale bar shown in red at the bottom left corner.

Magneto-transport measurements were also carried out on i-FLG Hall bar devices

(figure 4.15). This functions in a similar manner to magneto-transport in Van der

Pauw geometry except that current is always sourced along the same channel of

the Hall bar. 6 terminal Hall bar devices were fabricated before being intercalated

and contacted with Cr/Au contacts and gold wires. 3 Hall bar devices of different
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dimensions (channel lengths of 600, 900 and 1050 µm, and channel widths of 100, 150

and 175 µm for samples 1, 2 and 3 respectively) were fabricated from the same sample

of i-FLG, and Raman mapping used to characterize the degree of intercalation in

each of the devices. All Hall bar devices were measured to have the same mean

〈PosG〉 value.

Table 4: Magneto-transport Measurements for i-FLG Hall bars

Sample 〈PosG〉/cm−1 Sheet Resistance (Ω/sq) Carrier Density (1014cm−2) Carrier Mobility (cm2/V s)

HB1 1599 134.6 8.21 58.4

HB2 1599 100.3 7.89 78.8

HB3 1599 112.5 9.02 61.5

Figure 4.16: Response of measured Hall resistance to applied magnetic field for i-

FLG Hall bar device. The gradient is equal to 1/ne where n is the charge carrier

concentration. The two sets of data are from two sweeps taken with current flowing

in forward and reverse directions respectively. For each set of data the non-zero

Hall voltage at zero field is due to inhomogeneities in the sample. When the mean

of both data sets is taken, they give zero Hall voltage at zero field, shown by the

average fit. Results from characterising each Hall bar are shown in the table above.

Kieran K Walsh 111



Chapter 4

Figure 4.16 shows the linear increase in Hall resistance with magnetic field for

two sweeps of B field for the current applied in two different directions, along and

against the channel. Each of these sweeps have a slight offset from the mean fit

which is caused by inhomogeneities in the sample. Carrying out these measurements

twice, with the current flowing in each direction, allows the averaging of these two

measurements and the removal of the offset caused by sample inhomogeneity, fixing

RH as zero when the magnetic field is zero. This is not necessary for calculation of

the charge carrier concentration, which is found from the gradient of either sweeps,

but is instead carried out for completeness.

Results, displayed in table 4.6.3 show values for sheet resistance and carrier mo-

bility to be lower on average than those measured in Van der Pauw geometry, while

charge carrier concentration remains largely unchanged. There also appears to be

little change in transport properties with increasing size of Hall bar dimensions.

The degree of intercalation as indicated by the PosG metric is relatively low, most

likely due to the fabrication process used to produce the Hall bars leaving polymer

residues behind on the graphene. These will interfere with the intercalation pro-

cess and lead to a poor intercalation compared to that of a clean sample. These

polymer residues can also cause particles of Iron Chloride to form on the surface

of the graphene which can act as scattering sites and hence reduce carrier mobility.

Formation of aggregates on the sample can also interfere with the adhesion of the

metal contacts applied by thermal evaporation, and lead to a poor contact formed

with the i-FLG. Poor contact adhesion can lead to an increase in the measured sheet

resistance. In addition, as was shown in the previous section, the removal of these

aggregates can cause damage to the sample (seen in Figure 4.15), which is likely to

cause the observed increase in sheet resistance. However, high levels of doping are

still observed in all samples, confirming the measurements taken in Van der Pauw

geometry that suggest very high levels of doping can be reached even with relatively

modest intercalation. However, this does not necessarily lead to the same level of

work function increase as is seen in smaller samples [60].
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4.7 Conclusions

FeCl3 intercalated FLG promises to be a very useful material in the field of flexible

transparent electrodes, with potential applications in both flexible display technolo-

gies, as well as energy harvesting devices (e.g. Photovoltaics). In this chapter I

have demonstrated a reliable method of transferring wafer scale graphene samples

for intercalation, as well as providing a new metric by which to characterize the

level of doping in the samples. This method was used to demonstrate the drop

in carrier concentration across a hole in the graphene, common to large area sam-

ples. Methods to improve the quality of intercalated films were discussed, including

washing the graphene samples with HCl. While this method was successful at re-

moving Iron Chloride contaminants it was also shown to partially de-intercalate the

i-FLG samples. SKPFM was used to map the work function of large area sam-

ples, showing much lower values than for the higher quality 1 cm × 1 cm samples.

Magneto-transport measurements were used to confirm that these samples had un-

dergone intercalation and were heavily doped as expected. As the work function

of a material is highly dependent on the condition of the surface, this is likely due

to a combination of using poorer quality graphene and the further optimisation re-

quired for the intercalation conditions used. It should also be noted that possible

contamination of the samples from exposure to atmospheric conditions are likely to

have a large impact on their measured work functions. These results highlight the

need for high-quality CVD graphene films of uniform coverage. This would allow

more homogeneous doping of the films, produce samples of lower sheet resistance.

As such, 1 cm × 1 cm Ni CVD graphene will be used throughout the remainder

of this investigation, as results indicate these samples achieve lower sheet resistance

values after intercalation. This is likely because the samples are higher quality and

contain fewer holes and patches of thin graphene, allowing better intercalation and

a greater reduction in sheet resistance. Additionally, further optimisation of interca-

lation conditions in the 9 cm diameter tube could lead to improved sheet resistance

values, below 100 Ω/sq. This is required if FeCl3 intercalated FLG is to be used
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in flexible or rigid OPV devices and compete with ITO, capable of reaching sheet

resistance values of around 15 Ω/sq. This provides a potential route to the fabri-

cation of flexible energy harvesting devices boasting improved efficiencies compared

to alternative devices that utilize other flexible, transparent conducting electrodes.
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Effects of Ozone Treatment on

FeCl3 Intercalated Graphene for

Photovoltaics Applications

5.1 Introduction

Over the past decade, the volume of research dedicated to integrating graphene

electrodes into photovoltaic devices has increased dramatically [40, 173, 174]. This

is due to the many attractive properties of graphene previously mentioned in this

work, such as the low sheet resistance and high transmittance. However, as was dis-

cussed in chapter 2, a number of roadblocks to progress have been uncovered, namely

the compatibility of graphene with the PEDOT:PSS HTL. Due to graphene’s hy-

drophobic nature, it interacts poorly with aqueous solutions, such as those used in

PEDOT:PSS spin coating [175]. This causes uneven or discontinuous coverage of

graphene with PEDOT:PSS, as shown in figure 5.1. Uneven coverage can lead to

the formation of shunts, while discontinuous coverage has been shown to cause short

circuits and lead to device failure. However, this has not deterred researchers, and

many strategies have been employed to combat this issue of poor coverage, including

the addition of secondary co-solvents such as IPA and MeOH [46, 176], modifying
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the solution with MoO3 [177], or using mixed organic/aqueous PEDOT:PSS solu-

tions [178]. However, perhaps the most promising and applicable method to the

fabrication of large area devices is the use of UV/ozone treatment on graphene to

reduce its hydrophobicity [179, 180].

Figure 5.1: Examples of poor PEDOT:PSS coverage on hydrophobic graphene films,

taken from three separate regions of the same sample. Optical contrast shows thicker

(darker) areas of PEDOT:PSS caused by uneven wetting on the graphene surface.

This introduces roughness into the organic layers of OPV devices and can lead to

reduced efficiencies and device failures. 200 µm scale bars are shown on each of the

images.

UV/ozone treatment has been extensively employed for the cleaning of material

surfaces [181], and more recently has been used to successfully reduce the con-

tact angle between graphene films and PEDOT:PSS solutions [46, 180], making the

graphene more hydrophilic and improving the success rate of OPV devices made

with graphene electrodes. It was found that PEDOT:PSS films spin coated on

graphene pretreated with UV/ozone exposure resulted in much smoother and more

continuous films. Untreated films show discontinuous PEDOT:PSS coverage, which

was highlighted as a source of device failure. The reason UV/ozone treatment is so

effective in this instance is due to the chemical modification of the graphene surface

it causes. Ozone radicals, produced when air is exposed to strong UV, react with

the surface of the graphene film. This forms oxygen containing groups (e.g -OH,

-COOH, -HCO and -CO-) on the surface of the graphene film which can favourably

interact with water molecules in the PEDOT:PSS solution due to the polar nature

of the oxygen containing groups [182]. The creation of these reactive species that in-
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teract with the graphene film is also the driving force to UV/ozone treatment being

one of the most effective methods of removing polymer residues from the surface of

graphene and many other materials [183, 184, 185]. However, the addition of these

polar groups disrupts sp2 hybridised structure of graphene, resulting in an increase

in the sheet resistance of the sample. This means the benefits to surface wetting

offered by UV/ozone treatment have to be weighed against the negative impact on

graphene’s sheet resistance. The use of FLG films doped through intercalation with

FeCl3 may offer a solution to these two opposing outcomes of ozone treatment.

As UV/ozone treatment only affects the top-most graphene layer, the sheet re-

sistance of FLG samples may be preserved due to the underlying layers of graphene

being unaffected. This mitigates some of the negative effects of UV/ozone treat-

ment, while retaining the improvement to surface wetting. i-FLG takes this strat-

egy a step further, as the FLG has already been heavily doped to reduce its sheet

resistance. Combining both doping of the graphene and ozone treatment has not

been previously tested, as ozone treatment is liable to remove any dopant molecules

on the surface layers of graphene. This makes intercalation the perfect choice of

doping technique to combine with ozone treatment, as the doping occurs between

the graphene layers and not at the surface. In this chapter I will examine the effects

of UV/ozone treatment on i-FLG and pristine FLG films grown by CVD on a Ni

catalyst. Sheet resistance and contact angle measurements are taken before and

after successive UV/ozone treatments to establish the effect of UV/ozone treatment

duration, and the treatment time required for the fabrication of OPV devices using

graphene electrodes. Raman mapping was used to fully characterize the impact of

UV/ozone treatment on the presence of defects in i-FLG samples, as well as the

impact on doping in i-FLG films. Lastly, Scanning Kelvin Probe Force Microscopy

(SKPFM) is used to demonstrate the elevated work function of both i-FLG, and

UV/ozone treated intercalated FLG.
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5.2 Methods

Graphene samples were transferred and intercalated as described in chapter 3, before

being exposed to UV/ozone treatment, which is known to be a powerful method for

cleaning organic residues from material, as well as adjusting the wetting behaviour

of many materials. Here, I investigate the use of UV/ozone treatment on FLG

and i-FLG samples to improve the wetting of PEDOT:PSS. A UV/ozone cleaner

was purchased from Ossila, with a power of 20 µW/cm2 at a distance of 100 cm.

The UV lamp has dominant wavelengths of 185 and 254 nm, which generate ozone

molecules from molecular oxygen in the atmosphere. Sheet resistance and contact

angle measurements were taken before UV/ozone treatment, after which the sample

was dried before again being exposed to UV/ozone treatment. UV/ozone expsoure

time was maintained at either 1 or 2 minute increments, before the contact angle and

sheet resistance were remeasured. This process was repeated up until 12 minutes,

when the sheet resistance of the FLG sample had significantly increased. Measure-

ments of the sheet resistance and contact angle made with water were performed

using a 4 point probe measurement setup and goniometer, respectively, as described

in Chapter 3: Methods. These measurements were made after each successive treat-

ment in order to determine the optimum treatment time and impact of UV/ozone

exposure on sheet resistance.

Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) were

used in conjunction to characterize the surface roughness of i-FLG films coated with

PEDOT:PSS. i-FLG films were prepared by myself, first by treating them with

UV/ozone for between 0 – 8 minutes, before PEDOT:PSS film was spun at 2400

rpm for a nominal thickness of 40 nm. The characterisation of these samples by

AFM and SEM was performed by Miss Kavita Harry under the supervision of Dr

Hong Chang.

Raman mapping was performed using the setup described in Chapter 3: Methods

[162]. Spectra were taken to allow the measurement of both G and D peak in order

to characterize the defect density in the graphene samples. This was performed

118 Kieran K Walsh



Chapter 5

using a script prepared by Miss Gabriella Prando, which analyses the intensity of

the G and D peaks by peak fitting similar to the method described in section 4.3.1.

Characterisation of the work function of i-FLG samples was carried out by Scan-

ning Kelvin Probe Force Microscopy (SKPFM). This was carried out using a Bruker

Dimension XR commercial Scanning Probe Microscope in Peak Force KPFM mode,

as opposed to the setup outlined in chapter 3. The characterisation was performed

by Dr. Vishan Pashal, using a PFQNE-Al probe tip (doped silicon with a 5 nm

radius) allowing both topographical and potential data to be collected simultane-

ously. Freshly exfoliated Highly Orientated Pyrolitic Graphite (HOPG) was used to

calibrate for the tip potential before each measurement. KPFM measurements were

taken over a 30 µm ×30 µm area to account for variation in sample thickness, and

hence intercalation condition.

5.3 Results

5.3.1 Contact Angle and Sheet Resistance

Results presented in figures 5.2c and 5.2d show that for both pristine and intercalated

FLG films, increasing the UV/ozone treatment time resulted in increased sheet

resistance and decreased contact angle made with DI water. However, the behaviours

of these two kinds of graphene film were quite different. The sheet resistance of the

pristine FLG film quickly rose to twice its original sheet resistance, from 600 Ω/sq

to 1250 Ω/sq after just 10 minutes exposure. Intercalated FLG’s sheet resistance

only increased by around 50% after the same exposure, from 120 Ω/sq to 200 Ω/sq.

As i-FLG samples have a much lower sheet resistance to begin with, it can be seen

that UV/ozone treatment has much less of an impact on the film’s sheet resistance

when compared to pristine graphene.

For both intercalated and pristine graphene films, UV/ozone treatment causes

the reduction in contact angle made between the film and DI water, with both films

starting as hydrophobic (making a contact angle of 90° or above with water, shown
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(a) Untreated graphene (b) Graphene treated with ozone for 2 min-

utes

(c) Sheet resistance (d) Contact angle made with water

Figure 5.2: Effect of UV/ozone treatment on the wetting behaviour of water on a

hydrophobic graphene film, before (a) and after (b) treatment. Result of exposure

on sheet resistance (c) and the contact angle (d) for pristine FLG (blue) and FeCl3

intercalated FLG (red) for different exposure times.
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in figure 5.2a). However, the contact angle decreases much more quickly in pristine

graphene films than for intercalated films. The contact angle between water and

pristine graphene decreased to around 50° after just 4 minutes of exposure, however

intercalated samples’ contact angle only reduced by 5-10° after the same period of

exposure. Following further exposure to UV/ozone, the rate of decrease in contact

angle accelerates, reaching 50° after 6–8 minutes exposure.

Complete wetting of the graphene films by water, indicated by a contact angle

of less than 5° would lead to the best quality films when spin coating PEDOT:PSS.

However, this is not required for films of satisfactory quality, so a contact angle of

between 60° and 50° is acceptable (shown in figure 5.2b). This provides a guideline

for UV/ozone exposure time to use in the fabrication of OPV devices employing a

PEDOT:PSS HTL.

5.3.2 Effect of UV/Ozone Treatment on PEDOT:PSS Sur-

face Roughness

As has been mentioned previously, the roughness of a transparent conductive elec-

trode can have a large impact on the performance of any resulting photovoltaic

devices. This is because surface recombination is a key mechanism of charge carrier

recombination, particularly in OPV devices. As such, it is important to fully charac-

terize and understand any changes to surface roughness that result from treatment

of the i-FLG films by UV/ozone exposure. Roughness of the graphene electrode

can be caused a number of sources. In addition to the underlying roughness of the

Ni grown FLG patchwork film, contaminants on the graphene film surface, such as

polymer residues and aggregated particles left over from intercalation, add to the

roughness of the film. i-FLG samples previously measured by Atomic Force Mi-

croscopy (AFM) showed a mean roughness of 15–20 nm. However, the PEDOT:PSS

HTL is applied to the i-FLG prior to the spin coating of the active layers. It is

therefore also important to characterize the roughness of the PEDOT:PSS layers

covering the i-FLG electrode. The use of UV/ozone treatment has been shown to
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improve the spreading quality of PEDOT:PSS films on graphene by improving the

adhesive interactions between the graphene and PEDOT:PSS molecules through the

introduction of polar Oxygen containing moieties on the surface of the graphene.

Different UV/ozone treatment times lead to varying levels of PEDOT:PSS coverage,

and hence different roughness values. In this investigation, AFM and Scanning Elec-

tron Microscopy (SEM) were used to characterize the smoothness of PEDOT:PSS

films on i-FLG electrodes. Scans were taken over length scales of 20, 50 and 100 µm

for both SEM and AFM, and were used to examine the different contributions to

the surface roughness. UV/ozone treatment was performed in 2 minute increments,

ranging from untreated samples to samples treated for 8 minutes with UV/ozone.

i-FLG samples were first treated with UV/ozone exposure for their allotted ex-

posure time (0–8 minutes), before a layer of PEDOT:PSS HTL was spin coated onto

the i-FLG surface. This film was then annealed at 150°C for 10 minutes to ensure any

residual water in the film had been removed. Each sample was then characterized

by AFM and SEM to assess the roughness of the PEDOT:PSS as a result of different

treatment times. As can be seen from figures 5.3a–5.3f, untreated i-FLG samples

lead to a non-uniform coverage of the PEDOT:PSS, shown by the rough, uncov-

ered FeCl3 aggregates present. After 4 minutes treatment, the SEM images shows

a much smoother surface, with much smaller aggregates spread over the scanned

area. These may be aggregates on the surface of the i-FLG that penetrate through

the PEDOT:PSS, or aggregates that form in the PEDOT:PSS solution over time.

This change in film quality is seen in the AFM scans, where the presence of sharp

peaks in the untreated sample are replaced by a much more evenly spread film after

4 minutes. The SEM scan after 8 minutes exposure no longer shows large FeCl3,

or even polymer aggregates, but instead a very smooth polymer film, with small

wrinkles and flakes on the surface. The AFM scan similarly shows a very smooth

surface, with the thicker flakes of graphene showing through the PEDOT:PSS film.

Areas of the AFM scans that do not include any of the large surface aggregates

were sampled for Root Mean Square (RMS) roughness measurements. These areas
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(a) Untreated graphene (SEM) (b) Untreated graphene (AFM)

(c) 4 Minutes (SEM) (d) 4 Minutes (AFM)

(e) 8 Minute (SEM) (f) 8 Minute (AFM)

Figure 5.3: Surface roughness characterisation of PEDOT:PSS films on i-FLG elec-

trodes by AFM and SEM measurements. Image captions display the UV/ozone

treatment time prior to measurement. Multiple AFM maps were taken over differ-

ent areas, all maps shown are 50 µm × 50 µm. Scalebars are shown on all images.
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Figure 5.4: Variation in measured RMS roughness from AFM maps over 20, 50 and

100 µm squares. RMS roughness measurements were selected from flat areas of the

AFM maps, such that any background present had no affect on the roughness. The

mean of these measurements was then calculated, and the standard error used for

the error bars shown.

were selected as the peak height of the aggregate may be 10–20 times higher than

the roughness of the PEDOT:PSS film, and so dominate the RMS roughness mea-

surement. In this manner, only the roughness of the PEDOT:PSS film is considered.

Figure 5.4 shows the RMS roughness values for PEDOT:PSS films on i-FLG

electrodes, across all length scales sampled. After the initial treatment of UV/ozone

on the graphene the concomitant roughness drops from ≈ 22 nm (greater than the

RMS roughness of i-FLG alone), to 12–13 nm. Little improvement is seen after

extended UV/ozone treatment, as the roughness remains between 10 and 15 nm.

This is likely caused by the underlying roughness of the graphene films impacting

the roughness of the PEDOT:PSS layer on top. However, this shows that the PE-

DOT:PSS does have a smoothing effect on the overall roughness, with the overall

roughness experienced by the BHJ layer reducing by 5–10 nm, compared to i-FLG

alone. However, it should be noted that just because the roughness does not reduce
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after 2 minutes exposure does not mean that the coverage is not improving. Areas

sampled that are covered by PEDOT:PSS are likely to have a similar roughness

across different exposure times, but the total area covered by PEDOT:PSS is likely

to increase up until roughly 6 minutes. Contact angle measurements showed this

to be the time required for the contact angle made between i-FLG and water to

be reduced to approximately 50°, making PEDOT:PSS spreading significantly more

favourable.

One assumption that has been made during this investigation is that the areas

that were mapped by AFM were all covered in PEDOT:PSS. As the surface of the

film is not smooth, and the topography of the underlying graphene can be seen by

the AFM. However, by comparing line profiles taken from the AFM maps across

regions where graphene flakes are visible through the PEDOT:PSS, with profiles

from an i-FLG sample that has not been coated in PEDOT:PSS, the presence of a

polymer film can be determined. This is because the edges of graphene flakes are

very sharp, producing a steep profile at the edge of the flake. When covered with

PEDOT:PSS, this sharp edge becomes smoothed due to the polymer coating. Such

a distinction between the profiles is shown in figure 5.5c, confirming the mapped

areas were coated by PEDOT:PSS.

The use of a thicker PEDOT:PSS film would likely further reduce the roughness

seen through the PEDOT:PSS film, as a film of only 40 nm was used for all samples.

However, altering the thickness of the PEDOT:PSS film will have an impact on the

charge transport and absorption properties of the resulting OPV devices that are

being developed. As such, the PEDOT:PSS film thickness was held constant and

the UV/ozone treatment time was optimised around that. As the total thickness

of the BHJ layer is ≈ 100 nm, this level of roughness is acceptable but is likely to

lead to an increased surface recombination rate at the PEDOT:PSS/BHJ interface

when compared to ITO based OPV devices. This is due to RMS roughness for

PEDOT:PSS on UV/ozone treated ITO being on the order of 1–2 nm.
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(a) AFM Map, i-FLG (b) AFM Map, PEDOT:PSS Coated i-FLG

(c) AFM Line Profiles

Figure 5.5: Figures 5.5a and 5.5b show AFM maps taken from i-FLG and PE-

DOT:PSS coated i-FLG respectively. Annotated line profiles are added to the maps

to illustrate the regions selected for profiling. Figure 5.5c plots these line profiles, il-

lustrating the sharp drop at the edge of thicker flakes in the i-FLG sample compared

to a similar sample coated with PEDOT:PSS. Although the profiles were taken over

different lengths, the X Coordinate is displayed with the same scale, allowing the

gradient of the profiles to be compared.

126 Kieran K Walsh



Chapter 5

5.3.3 Raman Characterisation of UV/Ozone Treated i-FLG

Electrodes

40 µm × 40 µm Raman maps were collected using a 1 µm step size. The relative

intensities of the D and G peaks were calculated through peak fitting, allowing the

D/G intensity ratio to be calculated for each point sampled across the area of the

sample. This allows the effect of UV/ozone exposure on the defect density in the

graphene samples to be investigated, as well as whether this effect varies across the

area of the sample. The G peak, appearing around 1580 cm−1, is present for all sp2

containing carbonaceous materials and gives a measure of the amount of sp2 carbon

present in the material. However, the D peak, appearing around 1350 cm−1 is only

activated in the presence of defects in the sample, meaning that for graphene, the

ratio of integrated intensities of the D and G peaks gives an estimate of the defect

density present in the sample [94, 163]. Raman maps were taken for an untreated

intercalated sample, an intercalated sample exposed to UV/ozone for 4 minutes, and

an intercalated sample exposed to UV/ozone for 12 minutes. These Raman D/G

maps, along with an optical image of the area mapped for the 12 min treatment

sample are displayed in figures 5.6a–5.6d, with the D/G intensity ratios displayed

underneath.

D/G peak ratio maps reveal the untreated sample and the sample treated with

4 minutes of UV/ozone exposure have very similar mean D/G ratios of 0.149 and

0.124 respectively. This indicates that the original films are of high quality, and

contain few defects in the areas sampled. The small drop in D/G ratio after 4 min-

utes could indicate that contaminants are being removed from the graphene surface

by the UV/ozone treatment. These act as sources of scattering, and include FeCl3

aggregates, PMMA or other polymer residues, or other surface contaminants that

accumulate during the fabrication, transfer and intercalation processes. After 12

minutes exposure the mean D/G ratio rises to 2.372, indicating significant disrup-

tion to the sp2 hybridised graphene structure caused by the introduction of oxygen

moieties. This disruption to the structure of graphene gives rise to the increase in
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(a) Untreated (b) 4 minutes ozone treatment

(c) 12 minutes ozone treatment (d) Optical image of mapped area

Exposure time/mins D/G Intensity Ratio

0 0.149

4 0.124

12 2.372

Figure 5.6: D/G intensity maps for graphene samples exposed to UV/ozone for

different durations. Table shows mean D/G intensity ratios calculated for the three

different samples. Ozone treatment has little effect on the D/G ratio after 4 minutes,

but causes a significant increase after 12 minutes. 5.6d shows the optical image of

the area mapped (inside black box) after 12 minutes exposure. Relating the optical

image to the Raman map shows thicker (brighter) regions to have a much lower

D/G ratio than thinner (darker) regions
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sheet resistance seen as a result of ozone treatment.

It can be seen from the D/G ratio map that the effect of UV/ozone exposure is not

uniform across the graphene film. Instead, particular areas have a far more elevated

D/G ratio than others. By examining optical images taken of the same areas we can

see that the thinner areas of the graphene film were effected more than the thicker

regions. These thinner regions are typically less well intercalated than the thicker

regions, as is shown by our mapping of the doping of intercalated samples. This

indicates that intercalation may offer some protection to damage caused to the film

by exposure to UV/ozone, and would also explain why intercalated samples required

greater exposure times to reduce the sheet resistance by an equivalent amount.
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5.3.4 UV/Ozone pre-intercalation treatment

One postulate that was considered during this investigation, was the use of UV/ozone

treatment to remove contaminants, such as PMMA, from the surface of graphene

prior to intercalation. The aim of this investigation was to remove contaminants

present during intercalation and thereby improve the quality of the samples pro-

duced. Trace contaminants of PMMA and other substances are known to signif-

icantly reduce the quality of transferred CVD graphene by introducing unwanted

doping, scattering centres, wrinkles and potential tears in the graphene film. This is

known to reduce the electrical transport capabilities of the graphene, most notably

reducing the charge carrier mobility [186, 187]. Samples of graphene that have first

been treated with UV/ozone exposure prior to transfer have shown increased mobil-

ities compared to those that underwent no treatment [188]. These surface polymer

contaminants also interfere with the process of intercalation, acting as nucleation

points for FeCl3 aggregates. Furthermore, PMMA is documented as producing other

contaminants when reacting with FeCl3 during the etching and transfer process [189].

This is likely to also impact the quality of intercalation, and as such it is crucial to

develop a method of removing all potential polymer remnants from the graphene

film. Graphene samples were transferred to quartz substrates before being cleaned

in the method previously outlined. 2 samples were exposed to 4 (sample A) and 12

(sample B) minutes of UV/ozone exposure respectively, prior to intercalation. The

two samples were then intercalated together, following the intercalation procedure

outlined previously. Raman mapping was carried out on the two samples to assess

the impact to intercalation the UV/ozone treatment caused. 30 µm × 30 µm maps

with a 1 µm step size, and 300 µm × 300 µm with a 10 µm step size were taken

and G-peak fitting was carried out as previously described.

Mean 〈PosG〉 values for both the 30 µm×30 µm and 300 µm×300 µm maps

showed good agreement for both the 4 minute exposure and 12 minute exposure

samples, showing the degree of intercalation to be consistent across the entirety

of the sample. Results displayed in figures 5.7a and 5.7c show that 4 minutes of
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(a) 4 min ozone exposure (b) 12 min ozone exposure

(c) PosG histogram (4 min exposure) (d) PosG histogram (12 min exposure)

Figure 5.7: (a) and (b) show the 〈PosG〉 Raman maps taken over 30 µm×30 µm

areas after 4 and 12 minutes UV/ozone exposure respectively. (c) and (d) show the

〈PosG〉 histograms for the same data.
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exposure to UV/ozone had little impact on the degree of intercalation, with average

〈PosG〉 values for sample A being comparable to that of samples characterized in

the previous chapter. Sample B (figures 5.7b and 5.7d) showed a marked decrease

in 〈PosG〉 value of 3–4 cm−1 in both the 30 µm×30 µm and 300 µm×300 µm maps.

Comparing the histograms of these Raman maps shows sample A to have a much

broader spread of 〈PosG〉 values (figure 5.7c), ranging from 1593–1620 cm−1, with

the histogram heavily weighted towards higher 〈PosG〉 values. Sample B, however,

had a distribution ranging from 1595–1615 cm−1 (figure 5.7d), also weighted towards

higher 〈PosG〉 values. While the cause of this is as yet undetermined, it is likely

that the introduction of oxygen containing groups to the surface of the graphene

interferes with the intercalation; either by creating groups that may oxidise the

FeCl3 during intercalation, act as points of aggregation for the FeCl3 molecules, or

aid in molecules of water adhering to the surface which go on to react with the

FeCl3. This indicates that exposure to UV/ozone prior to intercalation does not

offer any immediate benefit to the degree of intercalation achieved.

5.3.5 Work Function Measurements of UV/Ozone Treated

Samples

The work function of a material is a measure of how much energy is required to

remove an electron at the Fermi level from the valence band of a material to vacuum

level [190]. In the context of photovoltaics, the work function of the electrode is an

extremely important quantity, as poorly matched work functions can present energy

barriers to charge extraction at the electrodes. Good alignment of the HOMO of

the donor, and LUMO of the acceptor with the work functions of the anode and

cathode respectively, leads to the efficient extraction of photoexcited electrons and

holes to their respective electrodes. Therefore, the ability to adjust this parameter

in the electrodes of photovoltaic devices is key to designing efficient solar cells.

The anode of an organic solar cell must have a low work function to match with

that of the PEDOT:PSS HTL. Typically, ITO or gold are used in this place (de-
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pending on whether the solar cell is produced with standard or inverted geometry)

due to their very high work functions. However, due to the high cost of gold and the

aforementioned issues with ITO, these are not ideal materials for this application.

Graphene’s work function prior to any doping is far too low, sitting at around 4.4 –

4.5 eV, but is susceptible to large changes depending on doping conditions, neigh-

bouring materials and thickness of the graphene sample. Intercalation has previously

been shown to be a powerful method of adjusting the doping, and subsequently the

work function, in graphene [47, 60, 152]. However, in previous studies these mea-

surements used gold to calibrate for the work function of the AFM probe tip [60].

This can lead to the over estimation of the material’s work function. Hence, for this

study, HOPG was used to calibrate for the tip potential [164]. The work function

of both FeCl3-i-FLG and ozone treated FeCl3-i-FLG were measured to determine

any change to the work function that results from the addition of oxygen containing

groups to the surface of the FeCl3-i-FLG and to gain knowledge on how this will

impact devices.

SKPFM maps were taken from i-FLG samples both before and after ozone treat-

ment for 6 minutes (figures 5.8c and 5.8d, respectively). Topographical AFM maps

were also taken (figures 5.8a and 5.8b) in tandem so any variation of work function

with sample thickness could be accounted for. The mean work function across the

areas scanned was then calculated, showing i-FLG to have an average work function

of 5.26 eV, and i-FLG after ozone treatment to have a work function of 5.31 eV. The

slightly increased work function is indicative of the addition of oxygen containing

groups to the surface of the i-FLG, as is commonly observed in the oxidation of

metal electrodes [191]. While the average work function adjustment is rather small,

observing the work function distribution for the mapped area reveals the broadening

of the work function distribution, leading to a more varied electropoential across the

surface of the sample. However, this broadening, displayed in figure 5.9, is largely

towards higher work function values, shifting the centre of the distribution up by

approximately 0.05 eV. Both distributions could be adequately fitted using Gaussian
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(a) AFM map, i-FLG (b) AFM map, i-FLG ozone treated

(c) SKPFM map, i-FLG (d) SKPFM map, i-FLG ozone treated

Figure 5.8: AFM and SKPFM maps of intercalated graphene samples before ((a)

and (c)), and after ((b) and (d)) ozone treatment.

functions, revealing a full width half maximum (FWHM) of each distribution to be

0.06 eV pre-ozone treatment and 0.14 eV post ozone treatment respectively.

Topographical maps of the same areas scanned by SKPFM reveal that before

treatment the RMS surface roughness was 18.97 nm, while after treatment an RMS

roughness of 14.75 nm was measured. As it is extremely challenging to scan the

exact same area twice, the difference in measured roughness may simply be due

to selecting different areas of graphene to sample. However, 30 µm× 30 µm areas

have been shown to be representative of the graphene sample for Raman and AFM

measurements in the past, with properties such as surface roughness varying little

across the sampled area, save for any large contaminants on the surface which can

be accounted for when calculating the RMS roughness. It can then be seen that
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Figure 5.9: Work Function distributions for SKPFM maps showing the effect of

ozone treatment on the Work Function of the i-FLG sample.

ozone treatment also reduces the surface roughness of the i-FLG samples, most likely

due to the removal of organic/inorganic contaminants on the i-FLG surface, such

as PMMA residues and FeCl3 aggregates. This is very useful to the use of ozone

treatment in the field of photovoltaics as surface roughness in the BHJ layer induced

by roughness in the electrodes is a noted cause of charge carrier recombination, and

hence reduced device efficiency.
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5.4 Conclusions

In summary, UV/ozone exposure has shown great promise for its use as a treatment

in the fabrication of photovoltaic devices with graphene electrodes. The addition

of oxygen containing moieties causes the contact angle made between water and

graphene to significantly reduce, making graphene significantly more hydrophilic.

While this process substantially increases the sheet resistance of pristine FLG, i-

FLG is much more robust and maintains a low sheet resistance up to 6 minutes of

UV/ozone exposure. Raman mapping was used to demonstrate the increased sheet

resistance is due to the disruption of the sp2 hybridised structure in graphene, as has

been reported in other works for undoped graphene. It was also found that exposure

to UV/ozone treatment prior to intercalation offered no benefit to the quality of

intercalation or the surface wetting of PEDOT:PSS. SKPFM measurements revealed

that the enhanced work function of i-FLG is retained, and slightly improved after

UV/ozone treatment. This makes UV/ozone treated i-FLG better suited to use in

OPV devices than either pristine FLG or untreated i-FLG. This work has provided

a viable strategy to fabricating OPV devices with i-FLG electrodes. The next stages

of this investigation will see UV/ozone treated i-FLG being successfully employed

in OPV devices for the first time.
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Organic Photovoltaics with FeCl3

Intercalated Graphene Electrodes

Data contained within this chapter has been subject to publication: “Improved Sta-

bility of Organic Photovoltaic Devices with FeCl3 Intercalated Graphene Electrodes”

K. K. Walsh, C. Murphy, S. Russo, M. F. Craciun. Frontiers in Electronics, pub-

lished 23rd April 2021 [192]

6.1 Introduction

OPV devices have shown great improvements in recent years, with efficiencies now

far exceeding the long held 10% target [193]. However, most devices that show

high efficiencies rely on ITO electrodes to achieve the best possible performance

[15, 194]. While this is a good strategy for demonstrating the capabilities of the

organic materials used, it neglects one of the key drawbacks to using ITO in OPV

devices: device stability. Recent studies into the factors effecting the stability of

OPVs under different testing conditions have greatly aided the understanding of

different degradation mechanisms that can impact OPVs. A number of mechanisms

have been identified as contributors to performance degradation in OPV devices,

these include the thermal stability of the active layers [195], photo-oxidation[171,

196] and photo-degradation [197] inside the BHJ, the ingress of water into the cell
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[198] and atmospheric oxidation [156, 199, 200].

However, while these are present in all OPV devices to some extent, ITO based

OPV devices also suffer from degradation caused by the diffusion of indium ions into

the active layers of the device, and the deterioration of the ITO electrode by the

acidic PEDOT:PSS layer [19, 201]. Improving device stability is an important issue

in OPV devices because it greatly increases the total amount of energy produced

over the lifetime of the device. Any strategy that prevents rapid device degradation

also reduces the device’s Energy Pay Back Time (EPBT), which is the time taken

for the device to produce the same amount of energy as was required to fabricate

it. OPV devices require much less energy to fabricate compared to other types of

solar cells, with EPBTs on the order of days [44] instead of years for Si solar cells

[202, 203, 204].

It is clear that a suitable replacement electrode for ITO must be found in or-

der to achieve the lowest possible EPBT values. However, selecting a material

that can compete with ITO is not a straightforward task. Other electrodes cur-

rently under investigation include conductive polymers [205] and metallic nanowire

meshes [206, 207]. However, each of these alternatives also introduce their own is-

sues of high sheet resistance and increased surface roughness, respectively. Perhaps

the most promising alternative electrode currently under investigation is graphene.

Since graphene was first isolated and its electrical properties investigated [32, 33, 34],

the research community has highlighted photovoltaics as a promising application of

graphene. Many researchers have made excellent progress on this, in the fields of

silicon photovoltaics [208], Perovskite Photovoltaics [209] and OPVs [37, 39, 148].

However, there have been a number of roadblocks to progress in using graphene as

a transparent conductive electrode in OPV devices. Firstly, the sheet resistance of

CVD graphene is too low to compete with ITO [210] with a comparable transmission,

requiring strong doping to reach similar sheet resistance values [115, 148, 211]. Sec-

ondly, graphene’s hydrophobic nature makes it difficult to use in solution processing

steps, such as the spin coating of transport and BHJ layers in OPV fabrication stages
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[43]. Lastly, the low work function of graphene leads to an energy offset between the

LUMO of the acceptor and the graphene electrode, inhibiting charge extraction and

reducing device efficiencies [49, 212]. As I have demonstrated in the previous two

chapters, a combination of functionalization through intercalation with FeCl3 and

subsequent UV/Ozone treatment are effective at tailoring the sheet resistance, work

function and hydrophobicity of the i-FLG electrode, providing a solution to each of

these problems. As such, this chapter will investigate the use of i-FLG electrodes

in OPV devices, characterizing their device performance and stability compared to

commercially available ITO based devices.

6.2 Methods

Sheet Resistance Measurements

As was described previously, sheet resistance measurements were carried out using a

Signatone S-302-4/SP4 4 point probe measurement system, connected to a Keithley

2400 source measurement unit. 9 separate measurements were taken across the area

of the sample and the mean taken. A correction factor is then applied to account

for the geometric shape of the sample.

The 4 point probe system used was noted as damaging the i-FLG samples by

the probe tips cutting holes through the graphene. As such, the sheet resistance

of each i-FLG electrode was not measured to prevent damage and potential device

failure. However, enough i-FLG electrode sheet resistance measurements have been

taken to be able to estimate the sheet resistance of all samples as falling between

50–100 Ω/sq.

IV Curve Measurement

IV curve measurement was carried out using an Ossila Solar Cell IV Test System by

first loading samples into the push fit test board. IV curve sweeps were run between

-1 and 1 V, and then 1 and -1 V to assess any hysteresis between the two sweeps.

Kieran K Walsh 139



Chapter 6

Voltage step increments of 10 mV and a voltage settle time of 10 ms were used.

A Newport 94011A class ABB solar simulator fitted with an AM1.5G filter was

used as a light source, and irradience intensity calibrated using an Oriel model

91150V Calibration Cell connected to a readout meter. The output of the solar

simulator was allowed to stabilize for 30 minutes prior to measurements being taken.

For each sample measured, IV curves were measured in both dark conditions

and under illumination. For measurement of the dark curve, the shutter on the

solar simulator was closed and a cover placed over the opening on the push-fit

test board to prevent any ambient light from entering and giving false readings.

Measurement of the ambient light intensity was performed using the calibration cell

used for measuring light intensity from the solar simulator. While the shutter was

closed, ambient light intensity in the room was measured to be ≈ 0.05 Sun, although

this value is likely to vary depending on the time of day measurements were taken.

A custom built mask was also used during measurements, covering the areas of

the solar cell where the contacts do not overlap. This prevents erroneous current

generated outside of the solar cell active area from being collected in addition to

the current produced by the active area of the cell. Device PCE values are then

calculated using equation 2.6 in chapter 2.

Stability Measurements

Two different methods of measuring photovoltaic stability were used in this investi-

gation, the first being continuous light exposure with regular measurement and the

other being periodic exposure and measurement. For the first method, devices were

continually exposed to light from the solar simulator while IV curves were taken

every minute over a period of 60 minutes. This allows for the continual monitoring

of photovoltaic parameters such as efficiency, and how they change over time with

continuous exposure. The second method was to expose a sets of i-FLG and ITO

OPV devices to illumination under the solar simulator and measure the device pa-

rameters multiple time over a period of ≈ 10 days. Between each measurement the
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devices were returned to a desiccator, out of direct sunlight to prevent degradation

of the device from extrinsic factors.

6.3 Results

6.3.1 Optimisation of OPV layers

The first stages of optimising the fabrication of OPV devices was to ensure all so-

lutions used were mixed correctly and could achieve the desired thickness from spin

coating. PEDOT:PSS, the BHJ solution (PTB7/PC70BM) and ZnO solutions were

all spin coated onto glass substrates and the resulting films inspected for aggregates

by optical microscopy. Small crystalline particles were identified in the ZnO films.

However, as this layer is the last spun onto the OPV device these aggregates will

not impact the BHJ layer and pose little risk of shorting the devices. Aggregates

of various sizes were also found in both the PEDOT:PSS and BHJ layers. These

are much more likely to cause short-circuits in OPV devices and must be removed

from solution before spinning. Several methods were used to reduce the incidence of

polymer aggregates in these solutions, including heating the solutions prior to spin

coating, sonication and filtering of the solution. Filtering was not used on the BHJ

solution as this is liable to impact the phase mixing of the two BHJ components,

and could lead to reduced photovoltaic performance. Instead, the BHJ solution was

heated and mixed continuously, with mixing temperature being slightly increased

before spin coating to encourage the dissolving of polymer aggregates. A combina-

tion of heating, sonication and filtration of the PEDOT:PSS solution were found to

be most effective at removing aggregates. As this is the first layer applied in the

OPV devices, it is also the most crucial to ensure no aggregates are present to short

the device.
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OPV layer thickness

Control over the thickness of the individual layers in an OPV device is crucial

to producing efficient, consistently functioning devices. Values from the supplier’s

website were taken as the optimum thickness values for PEDOT:PSS, OPV and ZnO

layers. However, as the OPV layer is spincoated from a freshly prepared solution of

PTB7 and PC70BM, the spin speed required may be different to that listed by the

supplier. Similarly, the PEDOT:PSS solution had to be diluted in order to achieve a

low enough thickness for the spin speeds attainable by spincoater used, so calibration

of the speed required was necessary. As such, the layer thickness of different samples

of OPV materials were characterized by surface profiler for different spin speeds.

A common problem in measuring the thickness of polymer layers by surface

profiler is that the tip of the profiler will pick up some of the soft polymer underneath

and push the displaced polymer into the path of the tip. As the tip moves along the

surface, more and more polymer is built up in front of the tip, until the tip finally

moves over the mass of polymer. This can lead to the under/over estimation of

layer thickness, depending on what section of the surface profile is being measured.

As such, polymer layers were baked before profiler measurement to help harden the

film. Additionally, the lowest force setting was used for profiler measurements, in

order to cause as little damage as possible to the polymer films. Once measured,

the background gradient in the profiles was removed and the mean thickness was

measured from sections of the profiles that showed a consistent thickness.

A minimum of three surface profiles were taken for each spin speed for both

PEDOT:PSS and BHJ films, and the measured thicknesses averaged by taking the

mean value. The film thicknesses for these two materials are shown in figures 6.1

and 6.2. Once the spin curves were obtained, estimates of the required spin speeds

could be extracted, settling on using a 3:1 dilution of PEDOT:PSS spun at 2400

rpm for a required thickness of 30–40 nm, and spinning the BHJ solution at 1200

rpm for a required thickness of 90–100 nm.
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Figure 6.1: PEDOT:PSS Layer thickness measured by surface profiler. Thicknesses

for two dilutions of 3:1 and 1:1 ratios of PEDOT:PSS and DI water were measured

to achieve the 30–40 nm thickness required.

Figure 6.2: Thickness measured from surface profiler of BHJ layers spun at different

spin speeds to determine the required speed to achieve a thickness of 90 nm

Characterisation of interlayer roughness by AFM mapping

Another important parameter when spinning thin film devices is the roughness of

each layer. The roughness of the BHJ and the underlying layers directly effects
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device performance, as increased roughness also increases the surface area of the

BHJ, leading to a rise in bimolecular recombination of charge carriers and therefore

decreasing the short circuit current [213]. Additionally, excessive roughness in device

layers can cause short circuits and lead to faulty devices.

While the surface profiler is capable of measuring the roughness of hard films,

the added uncertainty that comes from the profiler damaging the soft polymer film

means that a higher precision instrument must be employed. To measure the rough-

ness, therefore, I used an AFM in non-contact mode, to ensure that the roughness

of the film was not affected by the measurement. AFM maps were taken of the BHJ

layers as well as ZnO ETL.

AFM Maps, displayed in figures 6.3a–6.3f, were taken over multiple areas of each

of the OPV device interlayers; ITO and i-FLG electrodes, PTB7:PC70BM BHJ and

ZnO elctron transport layer (PEDOT:PSS layers were not mapped as their roughness

was characterized by AFM in the previous chapter). This allowed the calculation of

root-mean-square (RMS) roughness values, which are displayed in table 1.

As was described in chapter 3, i-FLG electrodes are much more rough than

their ITO counterparts. This is caused by two main factors, the roughness of the

as prepared CVD graphene, and the added roughness caused by the intercalation

process with FeCl3. The ITO, however, has a very smooth surface once it has

been carefully cleaned, with the measured roughness being very close to the quoted

roughness of 1–2 nm given by the manufacturer. The higher roughness of i-FLG

electrodes compared to ITO is a potential source of device failure, and will be

investigated by examining device success rates.

ZnO films were prepared from both filtered and unfiltered solutions. Two an-

nealing temperatures (120 and 140°C) were used to anneal the films. Figures 6.3c

and 6.3d show the AFM maps taken for both the unfiltered samples annealed at 120

and 140 °C, respectively. The maps show a strong, non-linear background offset,

that dominated the data. This is an artifact from what is known as the bowing

effect [214], caused by the motion of the cantilever. As such, the RMS roughness
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Table 1: OPV Device Interlayer Roughness

Layer RMS Roughness / nm

ITO 2.3

i-FLG 16.0

ZnO
Unfiltered 120 °C Unfiltered 140 °C Filtered 120 °C Filtered 140 °C

7.2 7.0 5.4 7.8

PTB7:PC70BM 16.2 (Unfiltered) 11.1 (Filtered)

(a) ITO Electrode (b) i-FLG Electrode

(c) ZnO Unfiltered, 120°C (d) ZnO Unfiltered, 140°C

(e) BHJ (unfiltered) (f) BHJ (filtered)

Figure 6.3: AFM maps of device interlayers. Topographical maps of (a) ITO and

(b) i-FLG electrodes used in device fabrication. The ZnO ETL was also mapped

for both filtered and unfiltered solution treated at different annealing temperatures,

120 °C (c) and 140 °C (d). The BHJ was also mapped, for both unfiltered (e) and

filtered (f) solutions.
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measurements for these maps were taken over smaller areas in the centre of the

sample, where the background had little effect on the data. Average roughness

measurements taken from the maps are shown in table 1.

Annealing temperature and filtration have little effect on the roughness of the

ZnO layer, which is unsurprising as the solution the layers were prepared from is low

concentration and shows no aggregation of ZnO particles, leading to smooth films.

Higher annealing temperatures are known to aid in removing remnant DIO from

the BHJ, and can lead to improved device efficiencies [158]. As such, the higher

annealing temperature of 140 °C was used in device fabrication.

The AFM maps of the BHJ films displayed in figures 6.3e and 6.3f, revealed

particle aggregates in the film, causing an increase in surface RMS roughness. This

is much more prominent for the unfiltered film than the filtered film, indicating

filtration to successfully remove particle aggregates. These aggregates could be ac-

cumulations of fullerene molecules that have stuck together, or originate from an

impurity, either a contaminant or a polymer of the BHJ that has photodegraded

and accumulated other polymers around it. While assessing the origin of these ag-

gregates is beyond the scope of this investigation, developing a method of removing

or re-dispersing them was required. Filtration was attempted as a method of re-

moving these particles but was shown to only be effective at removing the largest

of aggregates. Instead, a combination of heating and continual stirring was used to

ensure particle aggregates in the BHJ solution were kept to a minimum.

A similar, although less pronounced, background was seen in the AFM maps

of BHJ films, meaning that care had to be taken when selecting areas to calculate

the mean roughness from. This lateral, parabolic background was only seen after

subtracting a more dominant background from the maps, so could be a remnant

of the previous background subtraction process. The aggregates seen in the AFM

maps have a much larger measured height than the background, so it is likely the

aggregates will dominate the roughness measurement. Regardless, efforts were still

made to ensure the background or any other artifacts of processing the data were
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(a) (b)

Figure 6.4: a. Energy level diagram of OPV devices fabricated with i-FLG and

ITO transparent conductive electrodes. This diagram shows the work functions of

ITO and i-FLG, along with the energy levels of the HOMO and LUMO for both

the donor and acceptor. b. Diagram of i-FLG standard device architecture. Light

enters the device from the top, through the i-FLG electrode and into the active

layers of the device.

not included in the final result.

6.3.2 PTB7:PC70BM Organic Photovoltaic Devices

Organic photovoltaic devices were fabricated to test the effectiveness of i-FLG

transparent electrodes against commercially available ITO electrodes. The de-

vices were constructed with i-FLG/ITO transparent anodes, a PEDOT:PSS HTL,

PTB7:PC70BM bulk heterojuntion (BHJ), ZnO ETL and an evaporated Aluminium

cathode. When under illumination, the absorption of light in the BHJ generates ex-

citons, which are separated at the BHJ interface by the in-built field generated from

the difference in electrode work functions. Figure 6.4a shows the work functions of

the two electrodes being used, as well as the HOMO and LUMO levels of the OPV

materials and transport layers. From there the electrons and holes are transported

to the ETL and HTL respectively, before being extracted at the anode and cathode.

This allows the generation of current and is characterized by measurement of the

OPV device’s IV curve.
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IV characterisation under illumination

IV curves were collected under 1 Sun illumination and under dark conditions. From

the IV curve, one can measure the short circuit current, open circuit voltage, PCE,

fill factor, series and shunt resistances; as detailed in chapter 2. These parameters

were obtained for both devices and are displayed in table 2.

Figure 6.5: IV curve for PTB7:PC70BM Photovoltaic devices fabricated with ITO

(black) and i-FLG (red) electrodes respectively. Forward and reverse curves are

not shown, as they overlapped significantly. IV curves taken in dark conditions are

shown with a dashed line, with curves taken under illumination having solid lines.

Table 2: Photovoltaic Device Parameters

Electrode PCE/% Jsc/mA.cm−2 Voc/V FF Rshunt/Ω.cm2 Rseries/Ω.cm2

ITO 3.2 -11.88 0.73 36.4 126 32

i-FLG 2.8 -8.12 0.72 47.5 305 19

Similar efficiencies values were attained for the two best performing devices of

each variety. By comparing the shape of the IV curves, values are obtained for

the photovoltaic parameters outlined above, which are presented alongside the PCE
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Figure 6.6: The transmission through ITO and i-FLG electrodes over the visible

spectrum. ITO possesses a higher overall transmittance, with transmittance values

far exceeding that of i-FLG at shorter wavelengths. Reproduced from Frontiers in

Electronics under Creative Commons Licence (Walsh KK et al. (2021) Improved

Stability of Organic Photovotlaic Devices With FeCl3 Intercalated Graphene Elec-

trodes. Front. Electron. 2:643687).

values in table 2. As can be seen from figure 6.5 the short circuit current produced

by the ITO based OPV device was larger than that produced by the i-FLG based

device. This is likely due to the ITO having a greater transmission than i-FLG

(shown in figure 6.6), allowing more light to enter the solar cell and generate a

greater photocurrent. Voc values for both devices are comparable and in line with

devices reported in the literature. However, the charge transport shown in the

i-FLG based device shows improved behavior when compared to the ITO based

device, having greater shunt resistance and lower series resistance. These combine

to give the effect of the i-FLG device having a much larger fill factor than the ITO

device, despite having a lower efficiency over all. While the series resistance was

only slightly lower for the i-FLG device, the shunt resistance was more than twice

as much. As the shunt resistance represents the resistance to current flow in the

direction opposite to the extraction of current, having a high shunt resistance is
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a desired property in photovoltaics. The shunt resistance is largely thought to be

dependent on the composition of the BHJ, with defects or a non-ideal mixing causing

alternate conductive pathways through the solar cell, reducing the current produced.

This parasitic resistance has a particularly high impact at low light levels, making

a high shunt resistance particularly important for devices to be used in low light

conditions, such as those used for the internet of things.

There was no hysteresis found between the forward and reverse sweeps of the

IV curves collected under illumination (only forward sweeps are displayed), but

a small current offset for the ITO device’s dark curve was observed, indicating a

small dark current contribution to be present in the device. Hysteresis is the offset

between the current-voltage relation under forward and reverse bias [215]. This

can be caused by a number of factors, including a high charge trap density in the

organic polymers that make up the BHJ. This effect can be reduced by increasing

the transient measurement time but as this effect is not observed in the light curves,

the measurement time was held fixed.

As the work function of the ITO used was not experimentally determined, as

was done for the i-FLG samples (value in 6.4a taken from literature [191]), I cannot

explicitly state whether the poor fill factor of the ITO devices was due to a poorly

aligned work function of the ITO or due to problems with the BHJ composition.

In reference devices produced in literature, increased efficiencies are seen in devices

that also employ a thin Calcium layer before evaporating the Aluminium contact

to reduce the interfacial resistance between the electrode and ETL. This improves

charge extraction to the electrode and increases efficiency [16]. However, as it was

not feasible to evaporate Calcium in the thermal evaporator used, all devices were

prepared without this step and efficiencies were reduced as a consequence. It is

likely that this effect, combined with a non-ideal BHJ composition/microstructure

are responsible for the reduced device efficiency seen in both ITO and i-FLG devices,

compared to reference devices from the literature which range between 5–7 % for

OPV devices made from the same materials [216, 157, 67, 159].
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Another source of the discrepancy between the efficiency of devices produced in

this report and those in the literature are the possible sources of degradation that

could not be mitigated during fabrication. Although all devices were fabricated in

a nitrogen filled glovebox, the content of the atmosphere inside the glovebox could

not be controlled over the whole period of fabrication. This meant that the oxygen

content of the glovebox would vary from below 50 ppm (the desired level for OPV

fabrication) to as high as 500 ppm. This means that devices fabricated under these

conditions are likely to have partially degraded before IV curves could be measured.

Furthermore, while the thermal evaporation of Al contacts was performed in vacuum,

the thermal evaporator was not in an atmospheric controlled environment, meaning

careful transport of samples was required to not introduce further possible routes of

degradation. Atmospheric induced degradation has been shown to have the ability

to generate traps in the BHJ, leading to increased recombination rates and hence a

lower Jsc value. Further degradation mechanisms include water ingress at the metal

contacts [198] and oxdiation of the Aluminium electrode. As such, the stability of

OPV devices produced in this investigation is of key interest to understanding how

to improve future devices.

6.3.3 Stability testing of OPV devices with ITO and i-FLG

electrodes

As is discussed at the beginning of this chapter, one of the key factors that con-

tributes to the loss of device efficiency across many OPV devices is damage to the

ITO electrode caused by its proximity to the PEDOT:PSS HTL. The acidic na-

ture of the PSS groups corrodes the ITO and has been held as responsible for the

migration of Indium ions from the electrode into the BHJ which leads to further

degradation [217, 218]. Here, I will investigate the replacement of the ITO electrode

with an i-FLG electrode, which may alleviate this potential degradation pathway.

To achieve this, stability tests were performed on both ITO and i-FLG based OPV

devices to assess 1: If the ITO electrode devices degraded as quickly as expected, 2:
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if the i-FLG electrode devices showed greater stability, 3: what are the estimated

lifetimes for the devices.

Two types of stability measurement were carried out, the first being periodic

measurements of the device parameters by IV curve measurement under illumina-

tion and storing the devices in the dark under vacuum between measurements, the

second being measurement of IV curves under continual illumination of the devices.

The first method was carried out over a much longer period of time (over 250 hours)

compared to the continual illumination, which was only carried out for 1 hour due

to the rapid deterioration of the devices. It should be noted that while these mea-

surements are invaluable for characterising the performance of OPV devices over

time, they give little insight into the exact mechanisms by which the decay occurs.

In many cases, there are multiple decay mechanisms working at one time, making

them difficult to separate from one another without extensive testing (e.g. varying

atmospheric conditions such as humidity, O2 content, temperature, etc.).

The stability data in figure 6.7 shows that working devices prepared with i-

FLG electrodes operated for more than twice as long as those prepared with ITO

electrodes. After 120 hours all ITO devices had failed, while several of the i-FLG

devices stayed functioning after 250 hours. A possible reason for this is that damage

to the ITO caused by the acidic PEDOT:PSS caused the ITO devices to short

[217, 180]. This process will take place regardless of the devices being shielded from

atmospheric degradation by being placed in a desiccator in between measurements.

i-FLG electrodes are not susceptible to this form of damage and, apart from one of

the devices tested, show no degradation over the period of time they were tested

for.

While i-FLG devices show a lower average device efficiency by approximately

0.8% at first, this improves over the next 150 hours to a comparable level as the

ITO based devices. Over the same time period the ITO devices quickly fail after

around 120 hours, indicating a rapid deterioration of performance and greater degree

of instability than in i-FLG devices.
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Figure 6.7: ITO and i-FLG device stability with periodic measurement of device

parameters under illumination. Devices were prepared with each electrode, two of

the ITO devices and one of the i-FLG devices were not functioning and so were not

included in calculation of the mean or standard error.

One trend shown in both sets of data was that the efficiency of devices improved

after the first measurement. All ITO devices had failed by the third measurement,

but i-FLG devices showed consistent improvement up to 150 hours. The solar sim-

ulator was calibrated before each set of measurements to ensure the correct level of

illumination was being used, so variation in light intensity is not the cause of this

rise in efficiency. It can also be seen from figure 6.8a, that the Jsc values remained

relatively consistent for each device across the set of measurements. This would be

expected to increase if the light intensity increased, confirming this is not the origin

of the increased efficiency. In the functioning devices produced with both ITO and

i-FLG electrodes, a small increase in Voc can be seen (figure 6.8b), as well as a sub-

stantial increase in shunt resistance (figure 6.8c) for i-FLG devices. Shunt resistance
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(a) (b)

(c) (d)

Figure 6.8: Electrical characterisation of ITO and i-FLG device periodic stability,

showing the change in (6.8a) short circuit current, (6.8b) open circuit voltage, (6.8c)

shunt resistance and (6.8d) series resistance. Understanding how these parameters

vary with time gives indications as to the cause of device degradation.

acts against the flow of current into the device from the electrodes, and hence higher

shunt resistance prevents this leakage current and mitigates power losses [219]. As

this leakage current opposes the flow of the photogenerated current, it is desirable

for solar cells to possess a high shunt resistance. This is largely determined by the

nanoscale composition of the BHJ, and so an increase in shunt resistance could be

caused by a rearrangement of the polymer/fullerene within the BHJ, either by rem-

nant solvent within the device allowing their movement, or by the generation of ions
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and impurities due to light exposure causing a rearrangement of polymer/fullerene.

The origin of the increase in Voc is much less clear, as there are many factors

that impact the open circuit voltage [215]. While the Voc is largely determined

by the HOMO and LUMO levels of the donor and acceptor, the work function

of the electrodes can also have an impact, particularly where non-Ohmic contacts

are formed at the electrode-transport layer interface. It is possible that processes

such as the oxidation of the metal electrode could also have an impact, however

this would be expected to lower the open circuit voltage, not improve it. Finally, by

observing the series resistance of the devices we can observe changes to the resistance

of the device electrodes, this data is shown in figure 6.8d. While series resistance for

ITO devices varies significantly before dropping to zero for all devices due to short

circuiting, the i-FLG devices show remarkable consistency for all devices apart from

one that shorted soon into testing. This indicates that little to no damage is done

to the i-FLG electrodes by the acidic PEDOT:PSS layer, demonstrating that i-FLG

electrodes may be a potential route to OPV devices with greater long term stability

than those with ITO electrodes.

Continuous stability testing

To calculate the device’s functional lifetime, another measurement must be carried

out to acquire the decay curve of the solar cells. This requires measurement to

be made under continuous illumination, with the efficiency at t = 0 (E0) being

recorded. Once the decay curve is acquired, the time taken to decay to 80% (t80) of

the original efficiency (E80) can be calculated using the equation:

E(t) = E0e
−λt (6.1)

where E(t) is the time dependent efficiency, E0 is the efficiency at t = 0 and λ

is the exponential decay constant. This is a standard exponential decay equation,

commonly used to model the decay of organic solar cells [10, 220, 221, 222]. Some

time after E80 is measured, the efficiency is measured again and denoted Es0, for

the second E0. A second measurement of ts80 and Es80 are then made. This char-
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Figure 6.9: Performance decay curves for ITO and i-FLG based devices, showing the

decrease in efficiency under continuous illumination over a period of 1 hour. Fitted

curves are given confidence bounds (black for ITO, red for i-FLG) representing a

95% confidence of the data being within those bounds, calculated by standard error.

acterizes the decay in device performance across the two common phases in device

degradation, the burn in phase and the long term degradation phase [199, 223].

The burn in phase is characterized by a rapid deterioration of device performance

immediately after fabrication, this is normally responsible for the first drop of 20%

in efficiency. After this phase, the rate of device degradation slows to a lower rate

which persists until the device fails. This can usually be characterized by the mea-

surement of ts80. However, due to the rapid deterioration of devices, only the first

t80 measurement was taken for both devices.

Figure 6.9 shows the efficiency decay behaviour of both ITO and i-FLG devices

over the first hour of operation. The i-FLG devices all showed a linear decrease in

efficiency over this period of time, while the ITO based devices are better represented
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by a quadratic or exponential decrease. Similarly to the periodically measured

stability data, the ITO based device begins with a greater efficiency than the i-

FLG device, before deteriorating at an accelerated rate. Four i-FLG devices were

measured in this way, with all devices behaving in a similar manner as shown in

figure 6.10a–6.10d. t80 times were calculated and summarized in table 4. Similarly,

two ITO devices were characterized in this manner, with efficiency data plotted in

figures 6.11a–6.11d and decay parameters summarized in table 5, giving a mean

decay time for ITO based devices of between 2000–2500 s, or approximately 30–40

minutes. i-FLG devices showed a greater degree of variability, with two devices

possessing t80 times of approximately 6000 s (100 minutes), and two approximately

10,000 s (165 minutes). This demonstrates that i-FLG devices are functional for

approximately 3-5 times longer than ITO based devices.

While all i-FLG devices showed a linear decrease in efficiency, it is noted that

the devices performing at a higher efficiency at t = 0 decayed much faster than

those with a slightly lower starting efficiency. This is shown by Devices 1 and 2’s

t80 times being almost half that of devices 3 and 4’s, as well as the steeper gradient

of the fitted data in figures 6.10a and 6.10b. The linear decay in efficiency indicates

that these devices instead follow a zeroth order decay equation, meaning the rate of

decay is proportional to a constant, but this constant is different for devices with

different efficiencies. Such a decay equation is shown here:

E(t) = E(0)λt (6.2)

while it is possible the duration of the measurement was too short to display an

exponential decay, more experiments would need to be taken to confirm this. This

data alone suggests that all i-FLG devices are likely to follow this decay pattern.

Table 5: Stability metrics: ITO Devices

Device E0 / % E80 / % t80 / s λ / %−1s−1

1 1.9 1.5 2600 -6.3x10−5

2 1.9 1.5 2100 -5.9x10−5
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(a) (b)

(c) (d)

Figure 6.10: Continuous illumination stability data for all i-FLG devices tested.

All devices showed a linear decrease in efficiency with consistent efficiency values,

displayed in Table 4.

Table 4: Stability metrics: i-FLG Devices

Device E0 / % E80 / % t80 / s λ / s−1

1 1.5 1.2 6000 -5.1x10−5

2 1.5 1.2 5900 -5.2x10−5

3 1.5 1.2 11500 -2.5x10−5

4 1.5 1.2 10500 -2.8x10−5
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(a) (b)

(c) (d)

Figure 6.11: Continuous illumination stability data for the two ITO devices tested,

fitted with (a and b) exponential and (c and d) quadratic decays. Decay metrics

and constants are shown in Table 5, calculated from the quadratic fits to the decay

data.

The decay behaviour of ITO devices 1 and 2 were fitted with the expected ex-

ponential decay equation, but showed a poor fit (figures 6.11a and 6.11b) indicating

the decay behaviour could not be described by a first order decay equation. Instead,

this decay behaviour was successfully fitted with quadratic decay curves, indicating

this decay behaviour followed a second order decay equation of the form:

1

E(t)

= −λt+
1

E0

(6.3)

By plotting 1/E(t) against the exposure time, a linear fit can be made for both

sets of ITO decay data, plotted in figure 6.12. This shows the data to fit a second

order decay law, but that the data begins to deviate from the fit after approximately
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Figure 6.12: Linear plot of 1/E(t) against time, showing a linear trend. This indicates

the ITO based OPV devices follow a second order decay law, with the gradient of

the graph giving the decay constant, λ, and the intercept being equal to 1/E0. Error

in the decay constant was calculated from the standard error of the fit with the data.

3000 seconds. Using this second order decay equation, the decay constants and t80

times for ITO devices can be extracted, giving a decay time for ITO based devices

of between 2100–2600 s, or approximately 30–40 minutes.

The data shown in Figure 6.12 do not fit a linear trend exactly, with an error of

2.0×10−6 and 1.9×10−6 %−1s−1 in the decay constants of devices 1 and 2 respec-

tively, approximately 3% of the total decay rate. Error values were calculated from

the standard deviation of the data from the fit. However, this is accounted for by

the uncertainty in the efficiency data, as a greater degree of variation can be seen in

the ITO efficiency data compared to the i-FLG data (shown in Figure 6.9). It is less

clear why ITO based devices follow a second order decay in efficiency, as there are

many factors that impact the rate of decay in efficiency of organic solar cells. Di-
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rectly comparing the electrical metrics that impact device efficiency reinforce these

findings, but also give possible indications for causes of device degradation.

Figure 6.13: Variation of Jsc with time under continuous illumination for all i-FLG

and ITO devices tested. Error bounds are shown for the ITO devices but not the

i-FLG devices for clarity.
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Figure 6.13 shows the rapid deterioration of the Jsc values for ITO based devices

compared to i-FLG devices, with good agreement in Jsc values for the sets of 4 i-

FLG devices and 2 ITO devices respectively. The rapid decrease in the magnitude

of Jsc is likely to be one of the main factors causing the higher order decay seen in

the ITO based devices.

(a) (b)

Figure 6.14: Data for all ITO and i-FLG devices showing variation of a. Voc and

b. series resistance with time. Both ITO and i-FLG devices saw a minor decrease

in Voc over the duration of the measurement. ITO device series resistance increased

to a much greater degree than was seen in i-FLG devices, indicating damage to the

ITO electrode may be the cause of the increased rate of decay in ITO devices.

Figures 6.14a and 6.14b show the continuous illumination stability data for both

Voc and Rseries data. Both ITO and i-FLG devices show a linear decrease in Voc

over time, with comparable decay rates between all devices, despite ITO devices

possessing a much higher Voc compared to i-FLG devices. However, the variation in

series resistance between ITO and i-FLG is in stark contrast. i-FLG devices show

a very consistent series resistance, slowly increasing from around 35 – 40 Ωcm2 for

all devices studied. However, ITO devices showed a much greater increase and a

greater degree of variability in the series resistance. This is likely to be the source

of the greater uncertainty in ITO device efficiency compared to i-FLG devices. In

addition, because the series resistance is primarily dependent on the resistance of the
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electrodes, this could indicate that progressive damage to the ITO electrode under

operation. This is likely caused by the acidic PEDOT:PSS increasing the series

resistance of the ITO electrode and accelerating the rate of device degradation in

ITO based devices.

No guarantee can be made that both devices were tested at the same point in

their decay. As the same materials were used for both types of device, it is likely

that the burn in phase would last the same time for ITO and i-FLG devices, but this

is not a certainty. It is possible that the rapid decay seen for ITO devices simply

indicates they are still in the burn in phase of degradation, while i-FLG devices were

measured during their long term stability phase. Without further measurements on

both types of device it is difficult to determine at which point each device is in the

decay process.

In summary, these results show that i-FLG based OPV devices possess superior

stability both under continual operation and after periodic measurement, compared

to ITO based devices. This is primarily due to the degradation in ITO electrodes,

thought to be caused by their proximity to the highly acidic PEDOT:PSS. i-FLG

electrodes are not damaged by the same acidic conditions, as shown by the sta-

bility in their series resistance values, and by previous investigations into cleaning

contaminants from the i-FLG electrodes using much stronger acids. This indicates

i-FLG electrodes are well suited for use in OPV devices, possibly improving their

long term stability. A full study into the stability of ITO and i-FLG devices that

have been encapsulated in glass by epoxy would have been undertaken, had time

permitted the devices to be made and tested. This would give better insight into

how devices would perform under standard operating conditions for organic solar

cells, and would allow a better comparison between i-FLG and ITO electrodes.

6.3.4 OPV device success rates

When discussing the lifetime of devices, it is important to also note the device

fabrication success rates of the different varieties of devices examined. Here I will
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Figure 6.15: Device efficiencies for OPV devices with greater than 0.1% efficiency

for ITO and i-FLG electrodes.

discuss the success and failure rates of OPV devices fabricated on i-FLG and ITO

on glass (flexible devices fabricated on PET will not be included). Here I will be

describing a working device as any device with a measured efficiency of 0.1% or

greater.

Figure 6.15 shows the number of working devices produced and the efficiencies

they achieved for both ITO and i-FLG based devices. A total of 446 ITO devices

and 146 i-FLG devices were tested (between 6–8 devices were made per sample of

ITO/i-FLG) producing a total of 156 working ITO devices and 46 working i-FLG

devices. This gives the success rates of each type of device to be 35% for ITO

devices and 32% for i-FLG devices. While these success rates are rather low, device

failures are more heavily weighted towards the beginning the investigation, as it

required numerous attempts before working devices were produced. Once successful

devices was fabricated, subsequent batches had better success rates. Indicating early

device failures are due to poorly optimized fabrication procedures. Given the greater

surface roughness of i-FLG electrodes compared to ITO, it is surprising that both

types of device had such similar success rates. This could potentially indicate that
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short circuited devices were not being caused by the roughness of the electrode but

rather a source common to both types of device (such as particulates in the BHJ or

PEDOT:PSS layers).

As can be seen from Figure 6.15, i-FLG devices show a fairly even spread across

a range of efficiencies, from 0.1–2.8%. ITO based devices have a heavier weighting

towards lower efficiencies, as well as a slight increase in the device efficiency dis-

tribution between 2–3%. As the device success rates improved as the investigation

progressed, it is likely that continuing to fabricate more devices would reveal a more

representative device efficiency distribution. This would allow a better comparison

to be made between the two types of electrode and their impact on the overall device

performance.

6.3.5 Applications of i-FLG electrodes in OPV devices

As has been demonstrated in this chapter, i-FLG electrodes can produce OPV de-

vices with comparable efficiencies to those fabricated from commercially available

ITO electrodes. This is rather impressive as the measured sheet resistances for i-FLG

electrodes are still greater than those of the ITO electrodes, with the transmittance

through i-FLG electrodes also being lower than for ITO. However, the improved

work function of i-FLG caused by the strong doping through intercalation leads to

improved charge extraction efficiency of the i-FLG electrode.

I have also demonstrated the scalability of the i-FLG manufacturing process in

chapter 3, indicating the potential to increase device areas. This would increase

the device power output and allow for the powering of small scale sensors, such as

those used in IoT applications. Furthermore, development of the fabrication process

may allow for i-FLG OPV devices to be fabricated on flexible substrates. Not only

would this allow OPV devices to be used in a wider variety of environments and for

a broader range of purposes, but it would also potentially improve device lifetimes

compared to ITO based devices, as the data I have provided shows i-FLG electrodes

to not suffer from the same PEDOT:PSS induced degradation as ITO devices.
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Photovoltaic devices produce a great deal of energy compared to other passive

energy harvesting strategies, more than triboelectric, thermoelectric and pietzoelec-

tric energy harvesting devices [224]. However, for practical uses, OPV devices still

produce limited energy due to their modest efficiencies and low light absorption

compared to silicon photovoltaics. But it is these properties that make i-FLG flexi-

ble OPV devices perfectly suited for energy harvesting for internet of things (IoT)

applications. Here, the OPV devices can be used to power sensor networks that

monitor parameters of interest (dependent on the application) and record data that

can be used to run a system more efficiently. One such example of this would be us-

ing semi-transparent i-FLG OPV devices to line the windows and walls of buildings,

and using the energy they harvest to run a network of smoke detectors throughout

the building, thereby removing the need for battery operated smoke detectors and

hence the need to change batteries. As the IoT gains in popularity for the added

efficiency with which it can be used to operate systems, the need for such energy

harvesting devices will increase and bridge into wearable electronics for health mon-

itoring, various commercial sensor networks, and even devices to be used around the

home such as smart fridges. Such devices will employ energy harvesting in low light

environments, where the aforementioned improved shunt resistance of i-FLG OPV

devices will allow them to perform better than their ITO counterparts.
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6.3.6 Future Work

A number of other additional experiments and investigations were planned to be

carried out. However, due to a combination of a lack of materials during the fab-

rication process and a complete halt to all laboratory work during the COVID-19

epidemic meant that these could not be completed. This work included:

• Characterisation of pristine FLG electrode based OPV devices. Mul-

tiple devices of this type were attempted but none functioned as working OPV

devices. This would allow a direct comparison to be made between pristine

graphene and i-FLG OPV devices, and the improvements that result from

using i-FLG electrodes to be shown.

• Characterisation of inverted OPV devices for both ITO and i-FLG

electrodes. A small trial set of inverted devices on ITO were attempted

but again, no working devices were produced. Inverted devices are observed

to have improved stability, due in part to the PEDOT:PSS layer no longer

being in contact with the ITO electrode. Fabrication and characterization of

inverted OPV devices would provide further evidence of ITO being the cause

of device degradation in this study.

• Extended stability study (24 hours). Increasing the duration of the study

such that it extends beyond the burn in phase for both encapsulated and un-

encapsulated ITO and i-FLG OPV devices would allow for a much better

assessment of device lifetimes for the different electrodes used. This would

allow full determination of the burn in phase period and more accurate mea-

surement of t80 times.

• Large area device study. Fabrication of a large area (7x7 cm) i-FLG OPV

device and demonstration of it powering a small sensor device (e.g humidity

sensor). This will demonstrate the functionality of i-FLG OPV devices for IoT

applications.
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• Light dependence characterisation. By varying the height of the solar

simulator, the intensity of the incident light can be varied giving information

on the performance of the devices at different light levels. This is of particular

interest for the i-FLG devices as many IoT applications require operation

under low light levels. This measurement is also a useful method of showing

the presence of trap assisted recombination in OPV devices [141].

• Flexible OPV device fabrication with i-FLG electrodes. By fabricating

OPV devices on flexible substrates it would highlight the superior flexibility

of graphene materials compared to ITO. Previous flexible devices fabricated

with i-FLG [64] showed no deterioration of performance after extended bending

cycles. Similar tests could be performed with flexible i-FLG based OPV devices

and compared to either ITO electrodes on flexible substrates, or an alternative

flexible electrode such as PEDOT:PSS.

These additional experiments would add to the full characterisation of i-FLG as a

flexible, transparent electrode for OPV applications and demonstrate the its use in

a working device.
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6.4 Conclusions

In this chapter I have demonstrated working OPV devices based on i-FLG electrodes

with device efficiencies comparable to that of ITO based devices made from the same

batch of OPV materials. The best performing ITO and i-FLG devices had efficiencies

of 3.2 and 2.8% respectively. Fabrication and characterisation of devices was clearly

described and the parameters used to compare devices (Jsc, Voc, etc.) were defined.

While ITO devices showed slightly higher efficiencies, i-FLG devices had a greater

FF, indicating more efficient charge extraction was taking place. i-FLG devices

also showed much greater stability when compared to ITO based devices, for both

periodic and continuous illumination. While all mechanisms of degradation present

were not identified, it is likely that this improvement to stability is caused by the

removal of the ITO electrode. PEDOT:PSS has been shown to cause damage to

ITO over time, while graphene has an inert surface, giving it improved stability to

acidic conditions. Continuous illumination data was analysed and fitted in order to

extract the time taken to drop to 80% of the initial device efficiency (t80). For all

devices tested, i-FLG devices lasted longer under operation than ITO devices, with

t80 times between 3 and 5 times larger than those of ITO based devices. Improved

device stability is a key step towards the fabrication of low cost OPV devices with

low EPBTs. Future work should focus on investigating the flexible properties of

i-FLG OPV devices, for use in wearable electronics and IoT applications.
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Triboelectric Energy Harvesting

Devices from FeCl3 Intercalated

Graphene Electrodes

In this chapter, I will examine the use of i-FLG in triboelectric energy harvesting

devices when combined with a range of materials (Nylon, Nitrile rubber, PDMS and

PTFE). Triboelectric Nanogenerator (TENG) devices were fabricated with both

pristine graphene and i-FLG electrodes. The performance of these devices are char-

acterized against a range of dielectric materials in order to determine the position of

i-FLG in the triboelectric series, using the known position of graphene established

by previous works on this topic [82]. The performance of the two varieties of device

are then compared for both short circuit current and open circuit voltage measure-

ments. Applications of i-FLG TENG devices are then briefly discussed, considering

both the performance of i-FLG TENG devices and the specific material properties

of i-FLG.

7.1 Introduction

The drive to produce renewable energies on a scale large enough to offset the carbon

footprint of the fossil fuels industry has seen incredible achievements in recent years.
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Large scale investment in solar, wind and wave energy around the world has seen

some of the largest renewable energy projects ever undertaken, which promise to

contribute a significant energy output. However, one of the most promising avenues

of research for renewable energy harvesting comes on a much smaller scale; the

powering of the IoT, including wearable electronics [147, 225].

Wearable electronics have not seen the technological boom that they were origi-

nally thought to have when flexible electronic devices were first being investigated.

This is due to the lack of flexible energy storage devices to power the electronics,

leaving conventional battery packs to supply the required power to the device [146].

While this allows devices to function, it removes the purpose of the flexible elec-

tronics in the first place, as the user must still carry around a rigid power supply.

This is particularly problematic for medial monitoring devices, as user comfort is

often paramount to device function. Using energy harvesting to supply the wearable

electronics with a source of power instead presents many potential benefits, such as

removing the need to replacement battery packs and the associated reduced cost.

As discussed in chapters 1 and 2, Triboelectric Nanogenerators (TENG) harvest

energy from the mechanical motion of two materials being brought into contact,

triggering the contact electrification where charge transfer occurs between the ma-

terials [226]. TENG have the potential to transform the manner in which wearable

technologies are powered due to their performance in terms of power output, low

weight and scalability of material and device manufacturing processes. As such,

this chapter will focus on the fabrication and characterization of TENG devices

fabricated from pristine graphene and i-FLG large area samples for the purposes of

assessing the utility of these materials for use in triboelectric energy harvesting for

IoT applications.
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7.2 Methods

Outlined here are the methods used in the fabrication and characterisation of TENG

devices. First, the fabrication and transfer of the graphene/i-FLG electrode is dis-

cussed, followed by the preparation of the dielectric materials used in combination

with the graphene/i-FLG. Finally, the characterization of pristine graphene and

i-FLG as both a triboelectric material and an electrode in TENG devices is dis-

cussed. This includes details of the experimental setup designed to carry out the

measurements, as well as the methods used to analyse the results.

7.2.1 Fabrication

TENG devices were prepared using two different varieties of graphene, pristine FLG

and i-FLG. Ni-CVD graphene was purchased from graphene supermarket as wafer

scale samples, before being coated with PMMA (150 nm) and cut to desired sizes

using a diamond tipped scriber. For the preparation of i-FLG devices, the samples

were then transferred to glass slides using the large area graphene transfer technique

developed in house and described in chapter 4. Once transferred, the graphene sam-

ples were intercalated following the process for large area intercalation (Chapter 4),

and characterised by Raman spectroscopy to map the shift in G-peak of the sample

by use of the 〈PosG〉 metric. Samples were then transferred to PET substrates using

thermal release tape, as described in the section 3.6.2 of the Methods chapter. Once

transferred to PET, the i-FLG samples were connected to copper wire by applying

a small amount of conductive silver paste to the edge of the sample and placing a

copper wire in the silver paste. The sample is then heated at 60°C for 10 minutes

to dry the silver paste before covering the area with conductive copper tape to pre-

vent cracks and damage to the contact. Pristine graphene TENG devices followed a

similar fabrication procedure, with the graphene being transferred directly to PET

substrate without the need to first transfer to a glass substrate. As such, the pristine

graphene samples are subject to less damage during the fabrication process than the

i-FLG samples. i-FLG TENG devices were measured to be 15 mm × 25 mm in size,
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Figure 7.1: The triboelectric series for commonly investigated materials used in

TENG devices. Materials towards the top of the series (positive side) will donate

electrons when in contact with more negative materials, while materials towards

the bottom of the series (negative side) will accept electrons from the more positive

materials. The exact positions of materials in this series are difficult to quantify

as there are many factors that impact a material’s position, as will be explored in

Appendix 1: Factors Impacting the Triboelectric Effect.

not including the area covered by the connecting wire. Pristine graphene samples

were slightly too small to fit this area, each being approximately 80–90% the total

area of the i-FLG samples. The impact of this difference in device area is discussed

later in the chapter.

Once the TENG electrode was prepared, a range of dielectric materials were

selected to contact the graphene/i-FLG material with. These materials effectively

span much of the range of the triboelectric series (shown in figure 7.1), with Nylon

being very positive in the triboelectric series and PTFE being very negative. This

should allow the characterization of i-FLG’s position in the triboelectric series rel-

ative to that of pristine graphene. The materials chosen were a thick Nylon weave,
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Nitrile rubber from gloves, as prepared PDMS and PTFE from PTFE tape. Nylon,

Nitrile rubber, and PTFE samples were cut to shape from much larger areas of their

respective materials and were taped to the characterization mount by a conductive

copper tape electrode. PDMS was prepared from the base elastomer and curing

agent by mixing the two in a 10:1 ratio and stirring for 2 minutes. The polymer

mixture is then placed in a desiccator for 20 minutes to remove any air bubbles. A

copper tape electrode is then cut to size before being cleaned with IPA to remove

the adhesive, this improves PDMS spreading in the next stage. The PDMS mix-

ture is then spincoated on the copper electrode at 1000 rpm for 1 minute, for an

approximate thickness of 25 µm. The PDMS film was then cured for 48 hours at

50°C.

7.2.2 Triboelectric device characterization

The characterization setup designed by Dr. Zakria Saadi and described in section

5.2 of Chapter 3 [73, 227], was used to characterize both pristine graphene and

i-FLG TENG devices against a range of materials (Nylon, Nitrile rubber, PDMS

and PTFE). Initially, both the pristine/i-FLG sample and material being tested

are fixed to the sample mounts (graphene based samples by kapton tape and the

test materials by conductive copper tape). The mount securing the graphene/i-

FLG sample is connected to an electromagnetic actuator, which controls the cycling

motion of the setup. The mount securing the dielectric material is connected to a

load cell, allowing the force exerted during the contact of the two materials to be

monitored. Prior to measurement, the two materials are brought into contact and

a set-point overstep is set. This is a small distance (typically set to 21 µm unless

otherwise specified) beyond the point of contact of the two materials, that the setup

returns to after each cycle. This ensures good contact between the two materials

being tested, especially for compressible materials such as the Nylon weave used in

this investigation. This stage is also used to ensure that the two sample mounts

are aligned properly such that there is planar contact between the two samples to
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maximise the electrical response.

A contact cycle is then set to run for 300 cycles at a frequency of 3 Hz. This allows

the ground point to settle as it is prone to drift at the beginning of measurements.

For most materials tested, this was sufficient. However, certain measurements were

still subject to a drift in voltage due to the ground point not being fixed. How-

ever, there are many other factors contributing to this effect, as will be discussed

later. Measurement cycles for samples that exhibit a voltage drift are then run at a

frequency of 1 Hz, running for 30 seconds. Voltage measurements are repeated un-

til 3 satisfactory measurement cycles are recorded without significant voltage drift.

As current measurements are unaffected by the voltage drift, the first 3 current

measurement cycles were used. In total, 3 i-FLG TENGs and 2 pristine graphene

TENGs were each tested against the 4 dielectric materials being tested, with mul-

tiple readings being taken for each sample. The best performances for current and

voltage are displayed in the results section, with the mean device response against

each dielectric being compared at the end of the results section.
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7.3 Results

7.3.1 i-FLG as a Material for Triboelectric Power Genera-

tion

The low sheet resistance and high level of doping present in i-FLG samples make

it an appealing material to study the triboelectric properties of. As a number of

studies have already been conducted on the triboelectric properties of graphene,

and its applications as an electrode, this study will examine the role of i-FLG and

pristine graphene as both the electrode and one of the component triboelectric layers.

The doping produced by intercalation is thought to alter the position of i-FLG in

the triboelectric series. In addition, the drop in sheet resistance observed in i-FLG

samples makes it a much better conductor than pristine graphene, which should

lead to an increased triboelectric response. With these predictions in mind, i-FLG

samples were characterized as a material for TENG devices by being repeatedly

contacted against a range of known triboelectric materials (Nylon, Nitrile rubber,

PDMS and PTFE) to allow the position of i-FLG in the triboelectric series to be

determined.

To check that the electrical response produced by the TENG devices behaved as

was expected, a number of tests were first performed. This involved measuring the

TENG devices in both single and double electrode configurations (the schematics

for both of which are shown in figure 7.2) and at different contact frequencies.

Switching between single and double electrode configurations is expected to produce

a doubling of both current and voltage, as both halves of the circuit are being

measured. As is shown in figure 7.2, both the current and voltage responses increase

under double electrode configuration, with the voltage response doubling and the

current increasing by approximately a factor of 4, from 15 nA to 90 nA. This is

a greater increase than was expected, and may be accounted for by poor planar

contact between the two halves of the TENG device in single electrode configuration.

In addition, it can be seen that the background noise and the consistency of the
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Figure 7.2: (Above) Schematics of TENG devices being measured in both single

(Left) and double (Right) electrode configurations. Double headed arrows show

where the device would the contacted and separated in order to produce a current.

(middle) TENG device voltage response under single and double electrode configura-

tions, and (bottom) current response for single and double electrode configurations.
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Figure 7.3: Variation of triboelectric response with change of frequency, for both

current (above) and voltage (below). Data was collected from and i-FLG/Nylon

TENG device, clearly showing an increase in current output with increased frequency

but equal voltage output.

measurement have both also improved. In the single electrode current measurements

there is a significant level of noise present, that can be seen as very short period

oscillations in the current on the order of approximately 1 nA. It should be noted

that this noise is still present in the double electrode measurement on PTFE, but

due to the large increase in current signal this noise becomes less noticeable.

Increasing the frequency of the contact cycling is expected to produce an increase

in current but no effect on the voltage measured. This is because increasing the

frequency reduces the time available for charges to be moved from the TENG device

surface. Since current is simply measuring the rate of movement of charges, cycling

frequency and current have a proportional relationship. However, this does not effect
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the voltage produced as the total charge accumulating on the surface is unchanged.

This can be seen in figure 7.3, where an i-FLG TENG device was contacted against

a sample of Nylon and the current and voltage responses measured for 1 Hz and

2 Hz contact cycling frequencies. Peak to peak current response approximately

doubled, from 10 nA to 20 nA with increasing frequency. The magnitude of the

voltage response remained the same for both frequencies, with peak to peak voltage

being approximately 2 V. These two sets of tests confirmed that the TENG devices

produced and the experimental characterization setup were functioning as intended.

Unless otherwise specified, all results that follow were taken in double electrode

configuration at a frequency of 1 Hz.

To compare the performance of i-FLG as a triboelectric material, compared

to graphene, several graphene and i-FLG TENG devices were tested in contact

cycles against a range of dielectric materials. These materials included thick Nylon

fabric, Nitrile rubber, PDMS and PTFE. The current and voltage responses for the

graphene based TENGs are shown in figure 7.4, and the responses for i-FLG based

TENGs shown in figure 7.5. Both figures are presented such that the dielectric

materials are ordered from positive at the top of the figure (Nylon) to negative at

the bottom of the figure (PTFE).

The current and voltage responses for graphene TENG devices, shown in figure

7.4, are comparable to or lower than the response for i-FLG TENG devices, shown

in figure 7.5. Before analysing the data, I will first make a number of comments

on some notable peculiarities in figures 7.4 and 7.5. Firstly, as can be seen in a

number of the voltage responses for graphene devices and the voltage response for

i-FLG/Nitrile TENGs, there is a drift in the ground point. This leads the high

and low points on each voltage cycle to drift with the ground point. This was

observed as a common feature of many measurements, and was minimized through

repeated contact cycling before measurements were recorded. Nevertheless, this

slight drift remained a feature in a large number of measurements taken. Secondly,

measurements of both current and voltage of TENG devices contacted with PDMS
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Figure 7.4: Current (Left) and voltage (right) responses for graphene TENG devices

against different dielectric materials.
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Figure 7.5: Current (Left) and voltage (Right) response for i-FLG TENG devices

contacted against different dielectric materials.
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saw irregularities in the response, thought to be caused by the PDMS film having

slight adhesive properties. This caused the contact between the two materials to be

poorly defined as they would stick together, prolonging their contact. The effect of

this was inconsistent current measurements for both graphene and i-FLG devices,

and small dips in the voltage response seen for i-FLG devices. This appears to have a

much greater impact on the current response than the voltage response. This is due

to the current pulses being generated just before contact and just after separation

of the two materials. Therefore, the materials sticking together will lead to multiple

current pulses overlapping (as seen in the Gr/PDMS Current response in figure 7.4)

or pulses of varying magnitude (as seen for the i-FLG/PDMS current response in

figure 7.5).

The key difference between these two figures is that the sign of the response

against different dielectrics is different for the graphene/PDMS TENG and the i-

FLG/PDMS TENG. This is significant because the sign of the triboelectric response,

for both current and voltage, gives an indication to the position of the materials used

in the triboelectric series. Both the current and voltage responses for both sets of

TENGs were positive for contact with Nylon and Nitrile, and were both negative for

contact with PTFE. However, graphene TENG devices showed a positive response

when contacted with PDMS, while i-FLG devices showed a negative response. The

sign and magnitude of current and voltage responses for graphene and i-FLG devices

is compared in more detail in figure 7.6. In their paper on the characterization

of the triboelectric series for 2D materials, Seol et al. [82] showed that the sign

of the voltage response of their TENG devices when combined with a range of

dielectric materials can be used to determine the position of different 2D layered

materials (including graphene, graphene oxide and molybdenum disulphide) in the

triboelectric series. They explain their findings by relating the sign of the response to

the work function of their materials, as determined by KPFM measurements. Using

an alternative doping method to intercalation, they also reveal that the position

of a material in the triboelectric series can be altered through the doping of that
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material. Observing the change in sign for i-FLG/PDMS TENG devices, we can

conclude that i-FLG is shifted towards the positive side of the triboelectric series,

compared to pristine graphene.

When comparing these two sets of results, it is clear to see that the form of

the voltage response in Seol et al.’s work is very different to that of this work.

The form of the triboelectric response can be heavily influenced by the geometry

of the sample, along with many other experimental parameters such as form of the

contact and separation motion of the experimental apparatus (sinusoidal, square

or triangular, for example). As such, I will be using the current measurements to

compare between the pristine graphene and i-FLG TENG devices. The form of the

current response for both sets of devices is the same when combined with Nylon

and Nitrile rubber, showing only slight differences in the magnitude of the response.

As the response is positive for both dielectric materials, it can be seen that both

Nylon and Nitrile rubber lie to the positive side of the triboelectric series when

compared to pristine graphene and i-FLG. The current response for both varieties

of graphene electrode against PTFE was negative instead of positive, indicating that

PTFE lies to the negative side of the triboelectric series compared to both pristine

graphene and i-FLG. The difference in results comes when comparing the response

of graphene and i-FLG against PDMS, where a negative response is seen for i-FLG

and a positive response seen for pristine graphene. This suggests that i-FLG lies to

the positive side of the triboelectric series when compared to pristine graphene. It

is known from the SKPFM measurements performed on i-FLG samples in chapters

4 and 5 that intercalation with FeCl3 raises the work function of graphene to 5.2 eV

through p-doping of the graphene sheets. Following the analysis performed by Seol

et al., this would lead to an expected negative response for PTFE, and a positive

response for PDMS, as is seen for MoS2 and MoSe2 in Seol et al.’s results. However,

instead we observe that i-FLG’s response is negative for both PTFE and PDMS,

and pristine graphene’s response is negative for PTFE but positive for PDMS. This

would lead us to conclude that graphene sits in between PTFE and PDMS in the
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Figure 7.6: The current (above) and voltage (below) responses for pristine graphene

and i-FLG TENG devices when contacted with different dielectric materials. The

magnitude and sign of the response is discussed in the following section.
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triboelectric series, and i-FLG between PDMS and Nitrile.

To explain these results, it should first be noted that the large area i-FLG sam-

ples used in TENG devices were over a year old. As was seen in the characterization

of i-FLG by SKPFM in chapter 4, the work function increase is much more mod-

est if time is left between intercalation and measurement. This is most likely due

to surface contamination by atmospheric water, leading to the oxidation of surface

FeCl3 molecules. Secondly, while the same types of materials were used to charac-

terize the positions of pristine graphene and i-FLG in the triboelectric series as in

the work of Seol et al., it cannot be ensured that these materials have the exact

same properties as those used by Seol et al. This can be caused by slight variations

in the material production and handling processes due to using different material

suppliers, contamination of dielectric materials or the graphene electrodes, or even

variations in the thickness/roughness of the dielectric material chosen. Furthermore,

the graphene samples used in the study of Seol et al. were fabricated in solution

by exfoliation through ClF3 intercalation, followed by vacuum filtration. This fab-

rication method could potentially dope the graphene film and lead to very different

and surface properties and work function than the pristine graphene used in this

investigation.

This presents a multitude of factors that can influence the triboelectric response

seen of these devices. As such, these results would suggest that i-FLG is further

towards the positive side of the triboelectric series than pristine graphene. This is

the opposite to the adjustment seen in the work of Seol et al., which is ascribed

to be caused by differences in the graphene and dielectric materials used. While

this method provides a reliable way to determine one material’s position in the

triboelectric series relative to another, it is difficult to compare results between

studies without exact knowledge of all the materials and fabrication methods used.

Finally, it was found that the sign of both the current and voltage responses for

both i-FLG and pristine graphene TENG devices could be switched from negative

to positive simply by cleaning the PTFE with IPA before measurement, as shown
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Figure 7.7: Impact of IPA cleaning on the PTFE dielectric on (above) graphene and

(below) i-FLG TENG devices. For both sets of devices, the sign of the triboelectric

current response switched. This indicates a repositioning of the materials in the

triboelectric series.

for the current measurement in figure 7.7. The IPA was sprayed on the PTFE

surface, before being allowed to fully dry under heating (70 °C for 5 minutes). It

has been previously shown that for accurate triboelectric measurements to be made,

the surface charges on the materials being tested must first be neutralized [226]. This

is because they will undoubtedly have some built up charge on their surfaces due

to handling or past contact with other materials. IPA is particularly effective at

neutralizing such surface charges as it is a polar solvent that will rapidly evaporate

from the sample leaving behind a charge neutral surface.

Figure 7.7 also shows a significant reduction in the magnitude of the current

response for both varieties of TENG device. However, it is not clear if this is a
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result of a change in material properties of the PTFE after cleaning, or a result of

the cleaning and neutralization of surface charges. One thing this result does make

clear is the number of factors affecting the triboelectric response of these devices.

Seemingly small changes, such as cleaning the dielectric or moving a connecting wire

during measurement can have a significant impact on the resulting triboelectric

response. Because of this, it is difficult to conclude the position of i-FLG in the

triboelectric series, relative to pristine graphene. For an accurate comparison to be

made with the work conducted by Seol et al., the exact same materials, fabrication

process and characterization would need to be used.

7.3.2 Graphene/i-FLG TENG Performance Comparison

While the positions of graphene and i-FLG within the triboelectric series cannot

be precisely identified through the method trialled, the performance of those de-

vices can be compared through the magnitude of the current and voltage responses.

These values are critical in discerning which materials are suitable for use in energy

harvesting as it gives an indication of how the materials perform as actual TENG

devices. To assess the performance of these two materials, 3 i-FLG TENG devices

and two graphene TENG devices were characterized against the range of dielectric

materials previously trialled, with at least three measurements being made for both

the current and voltage responses of each device. The average response for each

type of device, against each dielectric, is then calculated and shown in figure 7.8.

As demonstrated by figure 7.8, in terms of both current and voltage, i-FLG

TENG devices perform better on average than pristine graphene devices. This is

evidenced by the peak-to-peak short circuit current being greater for every dielectric

material trialed against i-FLG devices, as well as the peak open circuit voltage values

being greater for i-FLG devices when measured against PTFE, Nitrile rubber and

Nylon. Only PDMS showed a greater voltage response when measured with pristine

graphene TENG devices. It should be noted however, that this only marginally

outperformed i-FLG devices measured against PDMS.
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Figure 7.8: Performance summary of i-FLG and pristine graphene TENG devices

when static triboelectric measurements were taken with different dielectric materi-

als. The short circuit current (above) and open circuit voltage (below) values are

averaged from multiple measurements on several TENG devices, for both i-FLG and

pristine graphene devices.
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One possible reason for these results is that i-FLG outperforms pristine graphene

because of the greatly reduced sheet resistance. This allows for the more efficient

extraction of current and the movement of charges in i-FLG devices. Another pos-

sible reason is that the high level of p-doping in i-FLG allows it to produce a much

larger current than pristine graphene when combined with materials towards the

negative end of the triboelectric series. This can be seen for the current response

for i-FLG with PTFE and PDMS being more than double that of pristine graphene

when combined with the same materials.

Another reason for the greater performance of i-FLG devices is that not all

devices were of equal size. Although all devices were intended to be 2.5cm × 1.5cm,

pristine graphene samples were only 70–90% of this area. The current and voltage

produced by a TENG device are directly related to the area of the device, therefore

it is likely the current produced with both Nitrile and Nylon samples would be

comparable for both pristine graphene and i-FLG TENG devices.

Finally, it should be considered that while short circuit current and open cir-

cuit voltage measurements give an indication of the performance a TENG device

can achieve, the exact performance cannot be concluded until device power output

measurements are made. This can be done by connecting the TENG device in se-

ries with a variable resistor and measuring the current and voltage response at a

range of resistance values. This allows the maximum power output to be calculated

for each device. These measurements could not be conducted in the investigation

due to not having the correct components to integrate such a measurement into the

characterization setup.
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Future Work

There are a number of further measurements that, if performed, would allow for

the full characterization of i-FLG as a material for use in TENG devices. In this

section, I will discuss some of the future work to be conducted, had there been more

time/resources to work on this investigation.

• Power Output Characterization. By connecting the TENG device under

characterization to a variable resistor, the maximum operating power output

of the device can be calculated. This would allow the direct comparison of the

TENG devices fabricated in this investigation and would provide a definitive

answer to which variety of graphene electrode performs better as a triboelectric

material. It would also allow a better comparison to be made between the

performance of these devices and TENG devices fabricated in previous studies.

• Device flexibility study. One of the great advantages of graphene based

devices is their inherent flexibility. Although all devices were fabricated on flex-

ible PET substrates, no flexibility tests were conducted. Such tests could in-

clude cyclic bending measurements, repeatedly measuring device performance

after a number of bends and evaluating if either graphene material is more

suitable for flexible TENG device applications. Other measurements could

include using a curved sample mount in order to assess device performance

under bent conditions. This would allow for the observation of any perfor-

mance changes under bending conditions, which is crucial information if these

materials are to be used in flexible TENG devices.

• Effect of graphene fabrication of TENG performance. All varieties of

graphene devices used in this study were fabricated from Ni CVD graphene,

which has considerably different surface and electrical properties to Cu CVD

graphene or solution processed graphene. By comparing the performance sim-

ilar devices prepared from a selection of graphene materials, the optimum

fabrication strategy for graphene based TENG devices can be deduced.
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7.4 Conclusions

TENG devices were fabricated from both pristine graphene and highly doped i-FLG

samples. These devices were contacted with a range of dielectric materials and the

electrical responses measured. The sign of the electrical response was used to char-

acterize the position of i-FLG in the triboelectric series, with it being shifted slightly

to the positive side of the series as a result of the strong doping from intercalation.

These results, while being in disagreement with the findings of Seol et al. [82] are

valid as the graphene samples were prepared using different methods, which is likely

to result in different material properties. In addition, any differences in the di-

electric materials used, the geometry of the devices, experimental setup or cleaning

procedures could also heavily influence the triboelectric response of these devices.

Directly comparing the performance of pristine graphene and i-FLG TENG devices

showed i-FLG devices to have increased short circuit current and open circuit volt-

age. This is likely due to the reduced sheet resistance of the i-FLG samples, along

with the increased work function that results from intercalation. This indicates that

i-FLG is a suitable material for use in TENG devices, particularly those used as

power sources in IoT and wearable electronics applications.
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Conclusions

The aim of this thesis has been to investigate the use of i-FLG electrodes in energy

harvesting devices, and to assess the potential benefits. The results presented within

this thesis are summarized as follows:

In chapter 4, I introduced a method of wafer scale graphene transfer, capable

of reliably etching and transferring graphene samples of up to 7 cm × 7 cm from

their Ni/Si/SiO2 growth substrate to a glass substrate. This allowed for the interca-

lation of large area samples to examine the scalability of the intercalation process.

I first optimized intercalation conditions within a large area intercalation furnace,

in order to improve the material qualities of the resulting i-FLG samples. These

samples were extensively characterized by Raman mapping to determine the degree

of intercalation across the area of the samples. I introduced sample assessment by

calculation of the 〈PosG〉 metric, calculated from the relative shift in the G-peak,

establishing the degree of intercalation present in the sample. Sheet resistance and

work function measurements revealed these samples to be limited to a sheet resis-

tance of ≈ 100 Ω/sq, and to undergo a much smaller adjustment of work function

than has been previously observed for 1 cm × 1 cm samples. These results were

assessed by carrying out magneto-transport measurements in order to confirm that

the level of doping in the samples was comparable to previously characterized, 1

cm × 1 cm samples. Optical images of i-FLG samples revealed large areas of the

samples to be covered in holes, originating from the growth process of FLG on Ni.
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The presence of these holes was attributed as the cause of the reduced effectiveness

of intercalation and the limited reduction in sheet resistance observed.

In chapter 5, I examined how i-FLG samples could be further functionalized for

use in OPV devices. The key aspect of graphene that inhibits its use in OPV devices

is the surface wetting properties of graphene films. UV/Ozone treatment was used

on both pristine graphene and i-FLG samples in order to determine an appropriate

treatment time to allow for the wetting of the samples by PEDOT:PSS. Contact

angle and sheet resistance measurements were made to monitor the improvement

to wetting, as well as any possible damage caused by UV/Ozone exposure. i-FLG

samples were shown to be more resistant to damage caused by UV/Ozone exposure,

and saw a much smaller increase to sheet resistance compared to pristine graphene

samples. An exposure time of 5 minutes was found to give satisfactory wetting while

not causing significant damage to the i-FLG samples. Raman mapping was used

to monitor the introduction of defects into the i-FLG samples, and to determine

whether UV/Ozone treatment could be used as a method of cleaning pristine films

prior to intercalation. These results indicated thinner regions of i-FLG to underwent

a greater increase in defect content than thicker regions with larger 〈PosG〉 values.

Finally, SKPFM was used to map the work function of the UV/Ozone treated i-

FLG samples, showing a much larger increase in work function than previously

observed for large area samples in chapter 4, as well as a small increase caused by

the UV/Ozone exposure itself.

In chapter 6, I used the fabrication and functionalization methods developed in

the previous two chapters to fabricate functioning OPV devices with i-FLG and

ITO anodes. These two types of devices were then compared, with the ITO devices

outperforming the i-FLG devices. The best performing devices achieved efficiencies

of 3.2% and 2.8% for ITO and i-FLG devices respectively. However, the i-FLG

devices proved to have superior device stability over both continuous and periodic

long term stability studies. t80 times were calculated from continuous efficiency

decay curves, revealing i-FLG devices to have device lifetimes of 3–5 times longer
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than ITO based devices. This was attributed to i-FLG’s superior stability to the

acidic conditions created by the PEDOT:PSS layer, as this has been known to

cause damage to ITO electrodes in OPV and OLED devices. This was evidenced

by the increase in series resistance seen for ITO based devices under continuous

illumination. Although the device efficiencies achieved in this study were much

lower than those of similar devices in the literature, this was likely caused by a

poorly optimized fabrication process. However, as results were consistent between

both sets of devices, the improvement to stability offered by i-FLG electrodes will

likely also apply to fully optimized devices.

Finally, in chapter 7, I demonstrated the use of i-FLG as a material for triboelec-

tric energy harvesting and compared its performance to that of pristine graphene.

The triboelectric response against a selection dielectric materials was then mea-

sured for both pristine graphene and i-FLG devices, and was used to determine

the position of i-FLG in the triboelectric series. The results indicated that i-FLG

was shifted towards the positive side of the triboelectric series compared to pristine

graphene. Previous studies had indicated that p-doping leads to a shift towards

the negative side of the triboelectric series. However, differences in the position in

the triboelectric series could originate from the use of different fabrication methods

for the graphene samples, as well as the use of different suppliers for the dielectric

materials studied. Furthermore, the sign of the triboelectric response was altered by

the application of IPA to clean the dielectric. This indicated that the triboelectric

response of these devices was heavily dependent on the composition of the materials

used, and the presence of any contaminants. Finally, I compared the performance

of a number of i-FLG and pristine graphene devices, with i-FLG devices showing

a greater response for both current and voltage measurements. This indicated i-

FLG as a superior material for triboelectric energy harvesting compared to pristine

graphene.

To conclude, graphene materials have a clear role to play in the field of energy

harvesting devices, with i-FLG possessing many advantages over pristine graphene.
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However, further optimization of the large area fabrication of i-FLG are required if

it is to compete with other transparent electrodes such as ITO. The further devel-

opment of research areas such as wearable electronics and the IoT is expected to

increase the demand for energy harvesting devices capable of powering small elec-

tronic devices. i-FLG is perfectly suited for use in such devices, but further research

is needed to understand how best to apply it.

Comments on future work

As was highlighted at the end of chapters 6 and 7, there are a number of areas

of future work that, if completed, would further the understanding of the results

presented in this thesis.

Firstly, the fabrication of flexible OPV devices would allow for a comparison to

be made between ITO and i-FLG electrodes in a flexibility study. This would reveal

whether replacing the ITO electrode successfully allows for the use of OPV devices

in flexible applications or if there are other concerns that would limit the application

of OPV devices.

Secondly, extension of the continuous stability study to longer exposure times

for a greater number of devices would reveal what stage the devices were in their

degradation. If these results confirmed the findings of the stability testing presented

in this thesis, then it would give new motivation to the use of graphene materials as

electrodes in OPV devices.

Finally, the accurate determination of the power outputs of graphene based

TENG devices would allow confirmation that i-FLG is superior to pristine graphene

for use in triboelectric energy harvesting. This would also allow i-FLG devices to

be compared to other varieties of graphene based TENG devices presented in the

literature, such as those fabricated from solution processed graphene, allowing for

an accurate assessment of which graphene manufacture method leads to the most

cost efficient devices.
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Publications and Conferences

The following is a list of publications I have contributed to throughout my studies,

as well as a list of the conferences I have presented work at. The precise relation

of the publications and presentations to the work contained in this thesis are made

explicit for each item:

9.1 Publications

• “A New Facile Route to Flexible and Semi-Transparent Electrodes Based on

Water Exfoliated Graphene and their Single-Electrode Triboelectric Nanogen-

erator.”

S. Dong-Wook, M. D. Barnes, K. K. Walsh, D. Dimov, P. Tian, A. I. S. Neves,

C. D. Wright, S. M. Yu, J. Yoo, S. Russo, and M. F. Craciun,

Adv. Mater. 2018, 30, 1802953. DOI: 10.1002/adma.201802953.

This paper [72] focuses on a novel transfer method for solution processed

graphene films in TENG devices. My contributions to this paper were in the

experimental work I performed optimizing the solution processing conditions,

as well as transferring graphene films and characterizing their sheet resistance

by transfer length measurements.

• “Wafer scale FeCl3 intercalated graphene electrodes for photovoltaic applica-

tions.”
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K. K. Walsh, C. Murphy, G. Jones, M. Barnes, A. De Sanctis, S. Dong-Wook,

S. Russo, M. F. Craciun

Proc. SPIE 10688, Photonics for Solar Energy Systems VII, 106881C (21 May

2018); DOI: 10.1117/12.2307410.

This paper [117] was published in the proceedings for the SPIE Europe con-

ference. It covers the large area graphene transfer, intercalation and Raman

mapping characterization covered in chapter 4. All experimental work carried

out for this publication was carried out by myself and Conor Murphy, the text

of the paper was written entirely by myself.

• “Transmission Properties of FeCl3-Intercalated Graphene and WS2 Thin Films

for Terahertz Time-Domain Spectroscopy Applications.”

M. O. Zhukova, B. T. Hogan, E. N. Oparin, P. S. Shaban, Y. V. Grachev, E.

Kovalska, K. K. Walsh, M. F. Craciun, A. Baldycheva & A. N. Tcypkin

Nanoscale Res Lett 14, 225 (2019).https://DOI.org/10.1186/s11671-019-3062-

3.

My contributions to the work covered in this paper [63] was solely in the

preparation of i-FLG samples, as the main body of experimental work covered

in this paper was undertaken by collaborators.

• “Photoexcited terahertz conductivity in multi-layered and intercalated graphene.”

A. N.Grebenchukov, A. D.Zaitsev, M. G.Novoselov, P. S.Demchenko, E. O.Kovalska,

E. Torres Alonso, K. K. Walsh, S. Russo, M. F.Craciun, A. V.Baldycheva, M.

K.Khodzitsky

Optics Communications, Volume 459, 15 March 2020, 124982, DOI:10.1016/j.

optcom.2019.124982.

Similarly to the previous publication, the work covered in this paper [228] was

carried out by collaborators. My contribution was the preparation of i-FLG

samples.

• “Improved Stability of Organic Photovoltaic Devices with FeCl3 Intercalated
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Graphene Electrodes”

K. K. Walsh, C. Murphy, S. Russo, M. F. Craciun.

Frontiers in Electronics, accepted for publication 11th March 2021.

This paper described the fabrication and characterization of OPV devices with

i-FLG and ITO electrodes, and the improved stability observed for the i-FLG

based devices. This is the first example of an OPV device fabricated with

i-FLG electrodes.
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9.2 Conferences

• Recent Appointees in Materials Science (RAMS), Exeter (2017). Poster Pre-

sentation, “Solvent Assisted Transfer of Solution Processed Graphene Films.”

• SPIE Europe, Strasbourg (2018). Poster Presentation, “Wafer scale FeCl3

intercalated graphene electrodes for photovoltaic applications.”

• Materials for Clean Energy Conference (MCEC), Teddington (2019). Oral

Presentation, “Graphene Electrodes for Energy Harvesting.”

• Large-area, Organic and Printed Electronics Convention (LOPEC), Munich

(2019). Oral Presentation, “Graphene Electrodes for Energy Harvesting.”

• NanoGE Hybrid Organic Photovoltaics (HOPV), Rome (2019). Oral Presen-

tation, “Graphene Electrodes for Organic Photovoltaics.”

• Frontiers in Optics (FiO), Online (2020). Poster Presentation, “Fully Flexible,

Transparent Electrodes for Organic Photovoltaic Applications.”
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Appendix

Factors Impacting the Triboelectric Effect

As was discussed in chapter 7, there are many factors that impact the transfer of

charge between two materials that are undergoing triboelectric charging. Further-

more, there are additional factors that will impact the performance of Triboelectric

energy harvesting devices depending on the materials used, methods of characteri-

sation and the environment the devices are being characterised in. In this section, I

will briefly explore what these factors are and how they can be investigated. I will

go on to set out a list of potential avenues for further research to be carried out into

i-FLG as a material for TENG devices.

There has been much debate in the field of triboelectric energy harvesting as to

what the nature of triboelectric charging actually is. Arguments have been made

for the effect being driven by the transfer or charge, ions, or material [229]. It may

even be a combination of each of these, and potentially different depending on the

combination of materials used. For example, fabrics used in triboelectric energy

harvesting can leave behind fibres on the material they are being contacted with.

Similarly, polymer films can leave polymer residues on the surface of other materials.

This transfer of materials can change the triboelectric response being produced by

such devices. However, for simplicity I will only consider the effect being driven by

the transfer of charge alone, as this has been the most thoroughly investigated and
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has shown the most evidence for being the case.

There are a number of experimental factors that will impact the performance

of all triboelectric devices that should be considered when undertaking investiga-

tions into triboelectric energy harvesting. The device area directly relates to both

the short circuit current and the open circuit voltage that can be drawn from the

device, giving larger devices much better performance. Similarly, both the force

and frequency of contact cycles between the materials can have a large affect (as

was shown for frequency in chapter 7). Other experimental parameters which will

impact the performance include the neutralization of surface charge prior to experi-

ment (this has a greater impact for thinner materials, so is crucial when investigating

TENG devices comprised of 2D material layers), the atmosphere the investigation is

carried out under (inert atmospheres comprised of nitrogen or argon should be used

where possible, as this prevents the adhesion of charged atmospheric contaminants

such as water vapour to the device surface [145]. This commonly has the effect of

neutralising surface charge, reducing device performance). The force exerted when

contacting the two triboelectric materials is also crucial to device performance. Com-

pressible materials such as fabrics and thick polymer films will behave differently

to incompressible 2D materials such as i-FLG or transition metal dichalcogenides.

Finally, the device structure and the nature of the tests being performed can have

a large effect on the device performance. Devices comprised of multiple stacked

dielectric layers are able to produce more power than single layer device comprised

of similar materials. These devices will also produce different responses depending

on whether they are being tested in a vertical contact structure (as was carried out

in this investigation) or a horizontal sliding structure. These different methods of

characterising TENG devices lend themselves to different applications, so should

both be investigated when characterising a new material or device architecture.

In addition to these experimental considerations, the choice of materials is cru-

cial to ensuring good device performance. As was mentioned previously in chapters

2 and 7, the triboelectric materials selected should be from opposite ends of the
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triboelectric series to ensure good charge transfer. However, there are several ma-

terial properties that impact the triboelectric response of devices. These factors

should be more thoroughly investigated in order to gain a better understanding of

the triboelectric response of devices, and maximize power generation from this new

variety of energy harvesting device.

Each of these factors and material properties should be investigated prior to

characterisation of triboelectric devices comprised of new materials so that trends

in device performance can be identified. As was seen in this investigation, the source

of the material is also a crucial factor. Although a material from two different sup-

pliers may have very similar properties, the manufacturing method used to produce

the material, its purity, and even how the material is stored and transported can

influence the triboelectric response the material will produce. This can mean that

triboelectric devices composed of the same material, but from different manufactur-

ers, may produce different results. This can make it difficult to accurately determine

the cause of differences in triboelectric response of similar devices. This is likely to

be the reason why many reports on the triboelectric series do not report the exact

same order of materials in the triboelectric series. Rigorous control of both the

quality of materials used and the experimental parameters investigated are required

if meaningful results are to be drawn from triboelectric device characterisation.
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Factors affecting the triboelectric effect. These factors have been selected through a

combination of surveying current literature, as well as my experience of character-

izing triboelectric devices. Though some sources make reference to the importance

of these factors, stringent investigations are still required to fully understand the

impact of these factors for different materials. The factors are given in no particular

order of importance.
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To cite this version. J. Phys. Radium, 6(6):205–208, 1925.

220 Kieran K Walsh



Chapter 11

[124] David Kearns and Melvin Calvin. Photovoltaic effect and photoconductivity in

laminated organic systems. The Journal of Chemical Physics, 29(4):950–951,

1958.

[125] C. W. Tang. Two-layer organic photovoltaic cell. Applied Physics Letters,

48(2):183–185, 1986.

[126] G. Yu, K. Pakbaz, and A. J. Heeger. Semiconducting polymer diodes: Large

size, low cost photodetectors with excellent visible-ultraviolet sensitivity. Ap-

plied Physics Letters, 64(25):3422–3424, 1994.

[127] Yanfei Xu, Guankui Long, Lu Huang, Yi Huang, Xiangjian Wan, Yanfeng Ma,

and Yongsheng Chen. Polymer photovoltaic devices with transparent graphene

electrodes produced by spin-casting. Carbon, 48(11):3308–3311, 2010.

[128] Hyesung Park, Patrick R. Brown, Vladimir Bulović, and Jing Kong. Graphene
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